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"ABSTRACT

ih‘ base-catalyzed methanolysis of model monéf'
functional indoles was studied in order to §ain inforhation
about ﬁhe relative reactivity of 2~ and 3-indolylcarbinyl
sfstgms, analogous to the prbposed reactive sites of mito-
sanes which have been rgductivelxjactivated, The leaving
groups studied were also analogous to those found in the
mitomycins. Reaction_kinetics were studied by the method.
of/nmr spectfbscopy at a number of ﬁemperatures, thereby
allowing the calgulation of actlvatlan parameters.

The 1nt raction of m1tomyc1n B with DNA was‘exam-
ined using rapi§ and convenlent ethidium fluorescence

assays. Studies on the pH de;:ndencé of covalent Cross-
linking and aIkylatlon of DNA by m1tomyc1n B and 1ts azir-
1d1ne-r1ng-opened derivative have c;hflrmed the 1nvolve-
ment of both the azlrldlne arnid carbamate groups in the
covalent attachment to DNA. In conjunction with the pH .
studies the pKa of mitomycin B was determined. By using 
a number of DNA\§ and variatiéps of the ethidium assay it
has been possible‘to‘partially define the DNA sites
involved in covalent attachﬁenf.

It was found'that mitomycin B induces single "strand
scission in DNA by the geﬁeration.of superoxide anq,pydrox—
yl radicals; this scission is also, produced by mitoﬁycin‘B
and mitomyéin C when they are covalently bound to the DNA.

The effect of intercalated ethidium on the scission pro-

duced by mitomycin B and mitomycin'C was also investi-



- gated. . e o o _ - :
A :
Electroanalytical experiments with mitomycin B

and its aziridine-ring-opened derivative yielded results
consistent with the comparative reactivities found for

i }

mitoRycin B and mitomycin C.

-a
»

i
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CHAPTER I

INTRODUCTION

r

bThe mitosane antibiotics 1 were first discovered in
Japan in 1956 by Hata and_co—workersl, who isolated several
members of the series from a culture of Streptomyces
caespitosus. The basic ring structure was established by
Webb et al. 2 This was confirmed by Tullnsky3 who also de-
termined the absolute conflguratlon of mltohgc1n A,
\ Mitcm- - .2 B 2 is un1que~among the mitomycins in that it has,
\xhe Lrposite stereochemistry at three asymmetri¢ centers.4
Thg mitosanes contain three carc1no§;at1c groups: quinbne,

'urethane, and aziridine; and they were the first naturally

. ‘5
occurring compounds found to pontaln the latter moiety.




>
\
I
1)

Mitomycin A OCH, OCH3 H
N-Methylmitomycin A - OCH, OCH, CH,
Mitemycin C NH, OCH, A
Porfiromycin NH, OCH3 CH,
7-Hydroxyporfiromycin OH OCHy CH,
o .
CH 40 .-CHpOCONH, |
. -
CH3

2

Further interest in the mitosanes is generated by

the fac£ that they bear ceriﬁ;n,§§rﬁctural similarities to
other ahtitumor agents,fnotably'stfeptonigrin'g and the
pyrrolizidine alkaloids such as sénkirkine, otosenine,-andi
lasiocarpine 4.

Not only are the mitosanes éffective against both
grém positive and graﬁ negative bacteria-as well as certain
viruses,7 but they are also éétive against a number of fypes
of tumor dells}‘inéluding chronic myelogenoﬁs leukemja and
solid tumbrs;such as epithe;iai tumors, chofioepifhelidma,

’

reticulum cell sarcoma, and seminoma. The two most ac-

tive members of the series, mitomycin C and porfiromycin,



are now in clinical use in Japan for the treatment of a

variety of carcinomas, especiaily those of the breast,
stomach, lung, and colon.’
The mitosanes are toxic;'although mitomycin B (MMB)

" has only about half the toxicity10

of mitomycin C (MMC), \
théh is sufficiently toxic that only 40 mg is used pér‘&‘
course of treatment. |
_Li;tfefis known about mitomycin B specifically,

though much of its mechanistic behavior may be exéected to
be analogous to that of other mémbers of the. mitosane fam-
ily, particulafly'the extensiVély-stddigdEmitomycin C. This
.compound 5 is believed to uhdergo an initizl in vivo NADPH
mediated reduction with a éellular reductase followedkby the .
elimination of‘the'elemepts of methggpl to'§§ve g? which is
© envisaged éé ¢ross—lihking_compiemenﬁgfy st&g%és of DNA in

the manner. shown in Scheme 1, although it has been sugges-



11

ted that another binding site may. be involved instead of

the carbamate.

Scheme 1
o . OH .
: , : _ CH.,OCONH.,
H,N - CH,OCONH,, “H,N 2 "2
ocH, 1. NADPH/Enzymi
CH, 2. —~CH ,0H CHy4 N -
. NH OH INH
s 6
‘DNA

s

' Mitomycin C has also been shdwnlz'to cause DNA de-
gradation through an oxidative process; evidence will be .
preSented_in Chapter II1 to show that this is also the case,

for/mitomytin B. That DNA is the target'bf mitomyéin C ac-

ti%}t?“is indicatéd by the evidence presented in-.Table'I.13
, ' -

Cross-linking according to 7 requires the alkyla-

v

tion of DNA with the C-1 and C-10 positions of the mitosane
system. This explanation is consistent with the observed
reductive activation of the mitosanes to free the lone elec-

‘tron pair on'the nitrogén atom at position 4 (8). Thig lone



Table I

Evidence for Interaction of Mitomycin C with DNA

1. Bacteria exposed to mitomycin C exhibit an initial
first order decline in viability that implies a single

hit mechanism. This points to the bacterial chromo-

some as the site of action.14 A
. .. %

P

2. Mitomycin C produces selective inhibition of monitored

DNA synthesig . in bacteria.ls\

3. Extensive degradation of DNA accdmpanies the admini-

stration of mitomycin C.16

. 4. Chromosome fragmentation is a result of DNA breaks

down.17

5. Mitomycin C is mutagenic for both bacteria and

Droaophila.l8

A e .

pair can:tﬁen assis; in the elimination‘of the elements of
Hf (Scheme 2) and also serve to assist in the aziridine
ring opeﬂing and carbématé.expulsion while stabilizing
cationic properties at’poSitions l_and_lQ thrbqéh reson-

19b

_ anée‘stabilization of structures 1l and 13 (Scheme 3).

Sartorelli20 has suggested that-thé hydroquinone may also .
. R .o . »r
stabilize these sites (Scheme 4). N
Cross-linking by the mitosanes was first estab-

19

li'shed by'Ifer and Szybalski who found regeneration of

double stranded DNA after heat denaturation and rapid

~



Scheme 2

Reduction

2




OH

T .
CHZOCONH,

Scheme 3

-Carbamate

‘Ring

v

v

OH




Scheme 4

o
OH .
/’
%/ CH, X
> N~ CHy
0 R
15

cooling of isolated bacterial DNA which had been treatea-
with mitomycin C. Uncross-linked DNA will not renatufe
after the hééting/cooling proces5'becauée the re-register-
ing'of‘the sepérated ¢omp1ementary strands is a'slow,
temperature-deéendent.process."However in covalehtly
cross-linked DNA, the cross-link prevents the Cdmplete
separation of_the.stfandsland serves as a nucleation site
for the rapid renaturatjon of the double. strand. It has
béen found that this renaturation will proceed at a rate
of 107 - 108 base pairs per second once a nucleation
.point_has been established.21 Sﬁch croés—links of the DNA
are infrequent as has been sho&n by shearing‘experiments

which produced a decrease in the amount of regeneration

after heat denaturation of double stranded DNA. Estimates.



- ' 4
have placed the frequency of cross-linking as low as one
cross-link per 20,000 base péirsls and not exceeding one

20 . ,
0 Tpe behavior of uncross-linked,

per 1,000 base pairs.
cross-linked, and sheared DNA is illustrated in Figure 1.
The relative rarity of cross-links has also hin-
dered studyldf’the sites on both the mitomycins and the
DNA which are involbed in the chss~linking process. It
is known that exchanging the 7-amino and 7-methdxy groups
affectsbthe croéé-iinking.ability 6nly.sligh:iy,'althquqh
the natufe of this substituent may alter the redox poten-"
tial of the quinone and hence also the biological

ability.zz"Replacement of the methoxy group in the %a

position with an hydroxy group dimihishes the activity of
the mitbsane, while substitation with hydrogensrenders
the compound‘inactive. Yet the derivative of mitomycin B
in which the eleﬁenks qf water have been eliminated from
the 9-9a”posit;pns’(ll) is orally active as an antibac-
terial'ager'n:,z3 sugéesting that the %a position is not
involvéd'in the alkylatioﬁ procesé. Mitomyciné of
structure 1 are active if:F - hydrogen or alkyl, but .show
little or no activity if z = acyl; nor are aziridine
ring-opened dergyagivés-of,g found to cross-link. Re-
plaéé;ent of‘the carbamate moiety by hydrokyl renders thel
derivative less active, while replacement by methoxyl
suppresses all activity."Thus'thére is evidence impli-

<

cating both the aziridine rring and the carbamate function.

in the process of alkyiationi_ Recently Tomasz et dl.24
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‘have sugéested that .the semiquinone form of mitomycin c
mey'be significantly‘involved in the covelent‘bindinglof
'DNA. | |

19b have shown that the extent

-Iyer and Szybalski
eof cross llnklng varies as the (G+C) content of the DNA

tCoupled wéth this is the study of the alkylatlon of nucle-

- oside’homopolymers with 14C-labelled'porfiromycin in which

it was found that guanosine polymers were alkylated at

“«leaStwfounvtimes as extenSiVely as any of the other poly-
tmers.zs' It would therefore appear that the guanine :esi—
dues of the DNA are the most likely sites for?alkylatiOn;
*Nitfogen and'sulfur mustards have ‘been postulated
to cross_llnk between ‘the N—7 p051t10ns ‘of guanlnes on.
opposite J)NA strands.zv6 ‘Yet »the e:_cam:.nat:.on -of space--—
filling models shows that the 4. 3 2 span between p051—
~tions C-1 and Cc-10 of the mltomyC1ns 1 or the 2.8 & span

-

of the:actlvated fo:ms flg), can_best be'accommodeted by

11 |
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U
*J¥hks betwyeen two 0-6 positions of guani‘nes.19C I 4

_ kylatlon of DNA as a process distinct from ;

crass- llnklng has been studied by Weissbach and L:leoz7
L ]

who found attachment of m1tomyc1gyc and porf1romyc1n as

. high as one molecule per 1,000 base pairs and found that

-~

only approximately 10% of the mitomycin moiecules which
.aikylate'DNA will.actﬁally cross-link. This process may
well accouht for the residual bielogicel activity |

observed for aziridine ring-opened{speciesvsugh‘as
}l§;22b,e A recent assay developed by Tomasz 8 mitigates
against the involvement of the guanine N-7 position‘ae the .

site of alkylation.

A
LY —‘-(
‘ Mitomycin_C has also bBeen found to cause exten-
siveedegradation of DNA,zg‘althbugh this‘is muCh'eiowere
than the cross~11nk1ng process.’ - A . §

Slnce llttle or no 1nformat10n was - avallable on .
l

the mode of actlon of m1t0myc1n B the Cross- linking,

-alkylatlon, and degradatlon processes 1nduced by thls



compound ‘are studied and‘compared in Chapter III7with
those prev1ously reported13 for mitomycin C.

~ Other than the work of Albright and Snyder,30 31
little is known about the react1v1ty of even simply sub—

1

.stlfuted 1ndolylcarb1nyl systems of the types 19 and 20,

e

which are structurally.analogous to the acflvated mltomy—
cins. ._ . | | |
| In Chapter 11 é_kiﬁeéic study of the base-cata-
lyzed methanolysis of some of theée sfstems is under-
vtaken in order ﬁo gaih anlinsight into the relative rEaé—'
tivity of'the two potential alkylatiné sjtes, as well as.
the coﬁparative-reactivity of thé.trialkylamméniuh an@
carbamate leaving groups.. Both of these objectives are
achleved through a study of 19 in which R = 'H or R = CHé

and X = ®N (cH 1° -and 20 in which R = CH3_and,

303 1

X = eN(CH3)3 Ie or X = OCONHC(CHB)B. ;Interactidn of these

compounds with.DNA>is also investigated.

13



CHAPTER IT

KINETIC STUDY OF 2- AND 3 IVDOLYLCARBINYL COMPOUNDS

The reduced form of the mitomycins (10) is
'structurally related to the: dlsubstltuted dlcarblnyllndole

21. In order to ga;n‘a deeper insight into the mode of

CH,L

CHZL

oz

‘ action of ‘the mitomycihs‘end the.step-wise nature.of the
cross-linking.process,.the cafbinyl reaction sites'were;
stodied*separately on model conpoonds with the same
leavino group. Also, one of the reactlng 51tes was
studied with dlfferent leaving groups, analogous to those
present 1n the mltomy01ns.- Thus a comparlson of l-methyl—}
- gramine methlodlde 22 and l—methyllsogramlne methlodlde 23
' tafforded ;nformatlon on the relatlve-react1v1t1es_of the
two sites, while a comparisohéof 23 ehd l-methy;indol-z;
ylmethyl N~t4butflcarbamate 24 allowed a’quantitative
comparisoﬁ of the reactivities oftthe reSpective leaving

groups. Unfortunately, it was not possible totsynthesize.

14



the isomeiic;carbamate 25 to sefve es a oross-check,
though thls Eallure in 1tse1f 15 consistent: w1th the other
flndlngs for this series of compounds. Gramlne}meth—'
'lodlde 26 was also 1nvestlgated in conjunction with the

study of its N-methyl derivative 22.

s

The reactlon studled for these compounds was the,'
hydrox1de—catalyzed solvolysis in methanol. By perform—

ing the reaction with the gramlne derivatives (Scheme 5)

' ® _ ‘ .
CH, N (CH4) 5 _ , LI
| 1° ' ' : l H g(ca )
_ . _ ' N CH, 3’3

15
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KI

4+

HOD

16



~
in a sealed nmr tube, qsing deuterateh methanol, it Was

pOSSlble to follow klnetlcally the dlsappearance of the
singlet in the nmr - spectrum due to - N(CH3)3 (3. 09 & from
hexamethyldisilane (HMDS) for 22, 3.13 & from HMDS for’gg)

together with the appearance of the singlet at 2.18 & from

I

HMDS due to N(CH3) 5. ',
The correspondlng reactlon of the carbamate 24

" (Scheme 6)- gave the same indole product.‘ However, the

nmr absofptlon of the t-butyl group in the product had

virtually the same chemical shlft.as that of_the t- butyl

gfoup in 24; and so this signal could not betfellowed in

Scheme 6 .
. Vi
CH._ OCONHC | Kon
CHy OyHQ(CH3)3 ‘ — >
- CD,0D

(CH3)3CN3D +-LKBCO3

/ A
a-kinetic study. ”However, the methylene protons absorbed

at S. 12 § from HMDS in . the ‘carbamate 24 ‘and at 4 68 § from

HMDS in the ether 28, ‘thus fac111tat1ng a klnetlc study

4

17



. , | 1-Methylgramine Methiodide 22

" Synthesis =

This compound was synthesized as shown'ih Scheme 7.

-Product Runs

The product 36 of the solvoly31s reactlon was es-
«

tablxshed by carrylng the reactlon to completion in meth-

anol W1th potasslum hydroxide, and 1solat10n of the

‘ t as a brown oil. Recovery ‘was quantltatlve and

;cture of the product was deduced by a551gnment of
the nmr_spectrumr' | | o . .

'r~A similar%feactlon 1n the absence of ‘pase ylelded
only an 1ntractab1e brown materlal. ‘A reactlon per—
'formed w1th sodlum hydrox1de as base and ‘water as solvent
’ qave an orange oil. The mass spectrum (m:= 274) and the
nmr spectrum are consistent with the.structure 37, wh1ch .
- is in accord: W1th the known chemlstry of hydroxymethyl—f
~1ndoles (such as the presumed 1ntermed1ate) 1n ‘the

‘presence of base.32-

18
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e
Scheme 7

O N-NH .3_COCOOH Fischer Synthesis

CH. °
3 e
: H
30 ' 31
X
® : |
H /CH3,
: T . N-N=C_
men cHy  Scoon
32
.gl

O I ~ Mannich Reaction
g N

(CH;) ,NH  + HCHO

34, : +’cn3coon




e
Lo

: | | N
— QIJ LND
CH, CH,

Use of the weaker, non~nucleophili¢ basge,
2,6-lutidine, gave a small amoﬁnt‘bf material identifiable

as the ether 36, but also a number of other unidentified

=
‘4"

e .
products.

- When .a suspension of sodium methoxide in t-butyi
alcohol was used 22 gave a small amount of yellowish 011
which by nmr and mass spectra was identified as the t- bu—

tyl ether 22.'

CHZOC(C§3)3

20



Kinetic Study

The first reaction of Scheme 5 was studied af five
temperatu:és: 50.0, 60.0, 70.0, 80.0, and 90.0°. 1In all
cases a plot'of'the integrated first-order rate expression
'against; ime gave a straight'line.‘ Two additiomral kinetic

. a . o . v
- runs were carried out at 80.0°, in which the base concen-
tratign was in'tu:n approximately doubled.and.halved. The
.reaction with 0.428 equiQalent of base proceeded’ét the

same rate. (within experiméntal error) as the ofiginal run

untilfthe base was nearly consumed, then slowed suddenly.

The run with 2.09 equivalents of base proceeded at a rate
slightly faster than the original; however the increase '
was not sufficient to justify supposing a higher order of

reaction, and may be the result of changing medium

»

effects.

r

The results of the kinetic measurements are sum-

marized in Table II,-with the rate constants being calcu-..

léted from the slopes of the pldts‘shown in Figures 2 to

8.

 Using these rate constants to plot ln (k,) ve (1/T)

; and lq»(kl/T) vs (1/T) (Figures Q'and 10 respectivély), the

activation parameters Ea, AH#, and AS# were calculated.

‘From Figure.9,‘Ea was obtained as -R k’Slope, and
As#‘was obtained as R x (Intercept —'23.767).33 The fe_

sults are tabulated in Table III.

21
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o
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“B.00 4g. 00 80.00 - 120.00  160.00 . 200.00 40,00
S - TIMEISED - X103 ) _
Figure 2. Plpt.of'thé integrated first-order rate.

expression vs time for the base-catalyzed

-solvoiysis of.l—methylgramine methiédide 22

in methanol at 50.0°. PINF = per cent reaction
at infinite time; PT = per cent reaction at time

T; logarithms"are to base e; kl = -SIOpé.

" Note: The expression 10" appearing on the-axes of»Figu#es 2
to 22 and 26, and in the headings of. Tables VIII, IX, XI,

'XII, and XIII, indicates that the quantity to which it

applies must be multiplied by that factor.
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Figure 3. Plot of the 1ntegrated flrst—order rate
expre551on vs time for the base— atalyzed
‘solvoly51s of lfmethylgramlne methlodlde 22

in methanol at 60.0°. Legend as for Figute 2.
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" Legend. as- for Flgure 2.
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=0
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LOG(

2.80
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240

Fiéure 7. Plot of the inéegrated fifst—oraer rate
expression vs time for the base-catalyzed
sblvolysis of'i—methylgramine'methiodiae 22
Qith.excess-base in methanol at 80.0°. 'Legend

as for Figure 2.
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0'-32 0.'40

0.24

o
Sloo  40.00  80.00° ~420.00  160.00  200.00
- TIME(SEC) - #10. S

,1Fi§ure;8.,:Plot of the integrated fifSt—order.rate'

| expression vs time‘fér the base-éatalyzed
solvolysis of l-methylgraminé methiodide 22
with excess’gg-in méthanol.at‘ﬁ0.0°,~vA =
}initi;l céﬁcénﬁration of substréﬁe; X = con-

‘ centrationnéf substrate reacted -at timeif;_

. logarithms are‘to_base-e; k, = Slope.
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Figure 9,\ Plot of 1ln (k ) vs (l/T) for the base—catalyzed
solvoly51s of l-methylgramlne methlodlde 22 in
methanol. k = rate constant; TEMP(K) = abso-

lute temperature; logarithms are to base e.
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Table I;I

Activation Parameters for the Base4CataLy2ed'MethanoIYSis

of l-Methylgramine Methiodide 22 L
Ea 24.6 * 0.6 kcal/mole
AR" . 23.8 % 0.6 kcal/mole

as™ -8.5 '1.8 e.u.

~ DNA Study
By”the:fluorescence dssay described in Chapter III

' there was no indication.that'ég alkylates PM2 DNA at pH

7.0 and 37°.

l—Metﬁylisogramine Methiodide 23 -
ernthesis |
o This compound was synthe51zed as shown in Scheme 8.

. / : ° \
y

) /} /
The product) 1 of the solvolysls reaction was

Product Runs

establlshed by carrylng the reactlon to partlal comple-
tlon and 1solat1ng 31% of product 41 as a yellow solid,
which was identified by 1ts nmr spectrum; 69% of the
: prOGUCt was uhreactedA23 - The total mole recovery of
mater1a1 (based on the indole m01ety) was 94%.

A sxmllar-run us;ng sodlum hydroxide as basojand

water as solvent gave only recovered starting material.
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Scheme 8

1. socl,

2. .(CH3.) ZNH |

o



Kinetic Study

The second reactlon of Scheme 5 was‘studled at
‘three tempe;atures: 70.0, 80.0, and 90;07. ‘This reaction
was found to follow second-order kinetics, as determined
- from a plot of the integrated secoud-order rate expression
¢aga1nst time. An additional run at 90 0° w1th 0.428.0f
the orlglnal amount of base proceeded at a rate con51stent
with thls mechanlsm, the 1ncrease would not justlfy a
'dlfferent‘order and again may be the result of»changing'

.medium effects.

The results ‘of .the. klnetlc measurements, based on V

the plots shown in Flgures 11 to 14 are given in
Table IV. - -
‘From the observed rate constants the activation

parameters, based on plots of ln (kz) ve (l/T) (Flgure 15)

and 1ln (kz/T) ve (l/T) (Flgure 16), were calculated -as for:

'l-methylgramlné‘methlodlde 33. These are tabulated in

34
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. g : T . - ‘."‘ : . ] .
.00 - 20.00  40.00  60.00  80.00  100.00
- TIME(SEC) =10% B

Figure 11. Plot.of the integrated second-order rate

~éxpres$ion.vs time for the base-catalyzed

solvolysis of l-methylisogramine methiodide

23 in methanol at 70.0°. |

Y = (l/(bo-ao))ln(ao(boix)/bo(aéif)) wherg

{ aovis thevinitial concentration of substrate,
bo-is_the initiai concentration of bqée;.and
X is the concentration of substrate reacted at

time T; k2 = élope.
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" Figure 11.
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Figure 10.



. Table V.

Table V o

Actlvatlon Parameters for the Base-Catalyzed Methanoly51s

of l—Methyllsogramlne Methiodide 23

"Ba , 35.6 + 0.7 kcal/mole
ar”  34.9 t 0.7 kcal/mole
as®  +18.9 ¢ 2.0 e.u.

€.

l—MethylindoH—Z-ylmethyl N-t-butylcarbamate 24

Vanthe51s i . g

, Thls compound was synthe51zed as 'shown in Scheme 9.

_Product Run ‘

| The product 41 of the solvoly51s reaction was

“establlshed by carrying the reactlon to completlon at

.90.0° in an “nmr tube and comparlng the spectrum of the

| product with that of the product‘obtalned from_the sQl-

©

vOlysis~of3lemethylisogramine methiodide 23.

Kinetic Study

The reactlon of Scheme 6 was studied at three

temperatures. 50 0 70. 0, and 80. 0 As was the case '

:w%g&_the corresponilng gramlne derlvatlve 23, the reac-

L_tlon was found to follow second-orderdtlnetlcs.

The results of the kinetic measurements, wlth rate

constants being calculated from the slgpes of the plots in

-

42
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Scheme 9
\
_ LiAlH 4
N COOH > , CHZOH
CH
3 CHy
33

Fi_gt;'res 17 to 19, are @bulated in Table VI.

"' From these observed rate constants and th»plo£s~.,n
of In (k,) vs (1/T) (Flgure 20) and 1n (kz/T) ve (1/T)
(Figﬁre 21), the actlvat;on parameters giveh in Table VII: - *

were calculated. |
'DNA Study

, By the fluorescence assay described in Chapter IIT

'there was found no 1nd1cat10n that 24 alkylates PM2 DNA at

pH 7.0 and e, T e -

r

»
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Figure 17.

80.00 _ 160.00  240.00 320 00 - 400.00-

TIME(SEC) *10*

Plot of the integrated second-order rate

expreSsion vs time for the‘baseééataIYZed

_-solvoly51s of l—methyllndol-Z-ylmethyl

N— -butylcarbamate 24 1n methanol at 50 0°

Legend as for Flgure 11.
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Figu:é 18.

© TIME(SEC) =10

120.00  160.00  200.00 240.00° 280.00

| \

Piot 6f the iptegrated_second—order rate
.~expreSSidh vs ‘time for' the g‘Se-catalfzedf
 §olvo1ysis of l-methylindol-2-ylmethyl

N-t-bhtyicarbamate gg'in‘me hanol ét 70.0°%.

Legend aé_for Figure 1l. ' .
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Figure 19.

-expressxon vs time for the base—catalyzed

.solvolys1s of l-methyllndol—2—y1methyl
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TIME[SEC\] %10

Plot of the lntegrated second-order rate

N-t- butylcarbamate 24 in methanol at 80 0°

Legend as for Figure 11..
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-12.00
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.80  2.88 2.96 3.04 3.12  3.20
1/TEMP(K) . «10? :
Figure 20. Plot of ln (k,) ve (1/T) for the base- i
S cataly‘ze_d- s_olvolysis ‘0of l-methylindol-~ -
2-ylmethyl ‘N—t—butyl‘c-arbfamat,e ‘24 in methanol. .

'

Legend as for Figure 9.
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Figure 21.

. 2.88  2.96 304 ;2121 320
CI/TEMPCKY 0 w10

N

> -

Plot of 1n (ké/T) ve (1/T) for the base-
”catalyzed‘solvdlysis’of l-methylindol-2-
'ylmethyl N-t-butYléarbamate 24 in.methénol.

" Legend as for.Figurezlo.
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Table VII

~Activation Parameters for the Base-Catalyzed MethandlYSis'

of l-MethyIindol-Z—ylmethyl N-t-butylcarbamate ii;,-

Ea 32.0 + 1.1 kcal/mole
Ng 31.1 ¢ 1.0 kcal/mole
asT413.0 t 2.8 e.u.

#

Gramine Methiodide 26

-

Syntinsis -
' Gramlne methlodlde (GMI) 26 was synthe31zed by the ethz

. ,alkylatlon of gramlne 43 w1th methyl 1odide.

Product Runs

Treatment of 26 with an equlvalent of sodlum hy—
drox1de in methanol ‘gave a’ product of m.p. 94 95°. This

_value‘ls in agreement with the value reported.ln the.



-

',Iiterature34-forfthe.ether ii.”‘This.structure‘Was:aIso o

’conflrmed by ir,_nmr,.and mass spectra..

o ,#E‘ffsxdlui

/'-Klnetlcsf'

’ Slnce the reactlon of 26 w1th base and methanol was "

”found to be very rapld even at —78 " 1t was not possxble to‘,;

follow thls reactlon klnetlcally. Such a result 1s not

’surprlslng since the gramlne salt possesses a very acxdlc-

v-NH proton whlch is quickly neutrallzed by base (Scheme lO)

'DNA Studies

‘ By the fluorescence assay technrques descrlbed 1n
N#IChapter III gramlne methlodlde 26 was found to both alky-
ilate and cross llnk DNA At pH 7.0 and 37° C it produced

ddi7l% cross—llnklng after 300 min at a COncentratlon of-"

"'710 ug/ml \whlle at a concentratlon of 930 ug/ml at pH 8 7 .

'band 37 79% cross 11nk1ng by 26 was observed after

170 mxn.\bg

e the usual pH 11 6 1t was found that the before heatlng )

e e

When the assay was performed atﬁg 1.0 as well as -

‘.51“'_
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‘Scheme-10 - - -

BEve .
“

'}jfluorescence values were the Same at equal tlme 1ntervals ziﬁgjf

"'f'up to 1 hr. Thls 1s simllar to t@e behavior fbund fon

) mhm;tomyc1n C and 1s evxdence agalnst alkylatlon of the N-7 .

ngSltlon of guanine.3§~"

52

It was also found by the methods descrlbed in Chap-'l‘

ter III that the extent of covalent cross-llnklng !s depend
'dent upon the guanlne # cyt031ne (G+C) content. of the DNA

ﬁThese flndlngs are tabulated in . Table VIII and shown ln
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% (G+C) CONTENT =+ = &
' A
Dependence of efflclency of‘covalent cross— v
11nk1ng of DNA s by gram1ne methlodlde 26 '
"on the (G+C) content of the.ﬁqé: Reactlons
. were performed at 37° and contalned DN& at
§ 1%.25 A260' 0 05 M phosphate buffer pH ‘8. 7 :

' a.nd gramlne methlochde 26 at 3. 4 X 10 3

,' . . ’ ".

~.
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Summary and Conclusxons'

*.

_ Gramine methlodlde 26 undergoes a very rapid e11m--
lnatlon of the elements of (CH3)3NH I followed by an addl-“
tion of a nucleophlle such as solvent methanol. 'The.
procesg is, however, too fast to follow klnetlcally
 Nevertheless’ such a mecha“Um could account for t- ~thod

by whlch this compound alkylates DNA. The cross- llnking -
process, however, requires a second alkylation site; the
only other reactive locatlons on this molecule are the N—l
and C-2 posxtlons. In’ support of the N-1 p051tlon is the
lack of react1v1ty toward DNA of the l—methyl derlvatlve
»Such a mechanism is also con51stent with the suggestlon of
'Murakam136 who postulates 1nvolvement of the N—é p051tlon
of the mltomyc1ns. The ability of gramlde methlodlde 26
to crosi-llnk 'DNA prov1des ev1dence for the partlcrpatlon
in the cross*llnklng process of the 51te correspondlng to.
‘the methylurethan@ group in the m1tomyc1ns.

The solvolysxs of l-methylgramlne methlodlde 22 1s
Acon51stent w1th a rate-determlnlng unlmolecular ellmlnation'

of N(CH followed ,by a faster ‘attack by the nucleoph;le.

33
_ThlS elxmlnatlon gan be asslsted and the resultlnq.lnter- "

-

. medlate stablllzed by the lone- electron palr of the 1ndole

>

~n1trogen, and would not dlsrupt the aromat1c1ty of the ben-
. zene rlng (Scheme 1). ,if'f-a

‘% The role of the base in thls reactlon would seem to
_be more than Just that of a proton spcnge,_51nce replacement

of theyhydroxlde ion by the weaker, non—nucleophlllc base,

55
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2,6~ lutldlne, causes the reactlon to proceed much less
lcleanly. One possible explanatlon mlght be that illustrat-
"ed in Scheme 12 in whlch the active nuclepphlllc spec1es
is in fact the methoxide ion formed 1n a prlor equlllbrlum

wlth the hydroxijide ion. The pKa values of water and“.,x 'n_ (f
methanol at 25° are, respectlvely, 15. 74 and 15.5, 37 ' \

i

which would give a substantial proportion of available 'd; -
methOxide By equilibration. - The situation of_alkoxide"

being more nucleophilic than hydroxide in a mixturew"q'“ﬁ

Y
w;both'is reminiscent of the Schotten-Baumann procedure for

o T T g ’
o "f]if”cylation of alcohols in'alkaline media.38' : i C |

X Another pOSSlblllty for the 1nvolvement of the
LN ‘.&»
Sa basé'might be the 1ntermed1ate attack by the base at the

4 PN
“ i'%ﬁgktlon of the 1ndole, analogous to the dlscovery by

Snyder. and Ellel39 that treatment of l-methylgramlne

methiodide 22_with agueous sodidh cyanlde produced not
S = _ A .
only the expected substitution product 48, but also a . ,

'3 X . _— _ E ‘ .

small amount of the isomeric 49.
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The analogous process, followed by en allylic dis-
" placement by the solvent methanol is shown in Scheme 13.

The negatlve entrOpy value is unusual for unl—
molecular reactions whlch involve a molecular, fragmentation
. with a concpmitant increase in disorder. However due to
.the participation of the lone electron pairvin assisting the
fragmentatlon step (46) ,. part of- the delocallzed 10 n |
electron system of the indole- m01ety is frozen.‘ If the
transition state leadlng to the format;on of the lnteré
'.medlate 46 is structurally similar to the starting material
22, there ‘would not be aéarge molecular dlsorderlng. “
Together w1th the concurrent ordeﬂ‘ng of the electrons |

there would be a net orderlng ofithe system, whlch coulkd
: *‘ © g R
well ratlonallze the observed ‘value of AS# . %f”’ IR

For the l—methyllsogramlne system (23), the reactlon

is nof only slower, but also exhibits second order be—

D 3

haV1or.‘ Thls would sugg%st that the type of electron -pair
assistance analogous to thattfor the l-methylgramlne salt,
22 and shown inchheme 14, does not make e-significent

contribution tofthebreaction process. Since the carhenium

ion process is not favored ;n thls way, compound 23 behaves

-

as a normal prlmary system and underqoes an. S 2- type of .

dlsplacement. The p051t1ve value found for Aq# may be
ratlonallzed in terms of the partlal neutrallzatlon of

» 'unllke charges taklng place in the tran51t10n state. this
in turn would bring abouteless order;ng~of the solvent |

‘shell surrounding.the substrate ions.

g

“a
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Scheme 13
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Scheme 14

-N(cu3)3

Vv

The studies.with_the corrésponding carbamate 24
show that this cbmpound-reacts more rapidly than the tri-
methylammonlum salt and suggest ‘that the carbamate m01ety

is a better 1eav1ng i'oup for this series of reactlons.

Thls greater react1v1ty of.thg-carbamate-compounds_

*

‘would also explaln why it was not pﬂ§31ble to synthe51ze
sthe isomeric carbamate 25 , in whzcﬁu%he more reactlve
leav1ng qﬁ%ﬁptisliocated on the more reactlve 3 p051t10n
‘of the indole. All.attempts to prepare such a carbamate,
i even-undeg the @ildest cohditions, resulted in miXtures
which sho&ed-sﬁtensiVeﬁdeCOmpésition. .

| From theSe studies OQ simple model systems it
'w0uldfbe féhptingsto‘consiudé that thes;o-positioh of the
fﬂmitOSansS'QbﬁiQ be more reactiye than the l-position as a

.’
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site for alkylation. Yet evidence has accumulatedl3ﬁto

show that ‘the A-position is in fact“the firstwtOVreact-
.aziridine rlng opened derlvatlves will alkylate DNA but

at a much slower rate This suggests that a rate enhance—

K]

i
t for the 1—posrtlon due to rellef of the az1r1d1ne

- ring strain is more ‘than suff1c1ent to offset the 1nherent
comparative reactivities of these sxtes.,-
- ! . . : .

\ : )

Experimental

PR

Melting polnts were determlned on a Flsher Johns
apparatus and are uncorrected C;nfrared spectra were re-
corded on a Perkln-Elmer Gratlng Infrared Spectrophotometer\~

Model 421 and generally only the pr1nc1pal peaks are re- ' ‘-
- ported | Absorption spectra were measured 1n elther dls-"
. tllled water or " pectro—grade" solvents and were run on
%’elther a Beckman DB SpectrOphotometer, a Gllford 250 Spec—
. trophotometer, or a Unlcam SPl700 UV Spectrophotometer. o
- Proton magnetlc resonance spectra were\recorded on varian °
A-60 and HA@lOO analytical 1nstruments and were generally
measured on 10-15% (w/v) solutlons of the compdﬁnd 1n the
approprlate'deuterated solvent The reference compound was
tetramethy131lane (TMS), except for the nmr. klnetic runs,

where hexamethyldlsllane (HMDS) was used as the reference \%r#
;because of its lower volatlllty. In either case line |
| positions are reported in parts per. mllllon from tﬂ%

reference. Mass spectra were determlned with Assoc1ated

Electrical Industr1es.MSZ,,MS9, gslz,;or MS50 (DSSO)'mass
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spectrometers. In general the ionization energy

)

¢

Unless indicated otherwise, during work-up procedures

solvents were removed under reduced pressure with a Buchi

Rotavapor R rotary evaporator.

{
Materials

Anhydrous methahol’for the product runs was pre-
pared from commerc1ally availatle methanol by treatment
thh magnesxum methoxlde and distilled- as described by C

40a \

Fleser.

2,6-Lutidine was preparedvas follows- Eastman

} practlcal grade 2 6 lutldlﬂi was drled over pota551um

hydrox1de for 24 hr then refluxed and dlStllled from .

barlum ox1de as described by Fleser for the preparatlon of

'40b

&thdrous pyrldlne. The center c8t (138- 140 ) was

treated with boron trifluoride etherate as descrlbed by
41

-\ : -

Hy
l—Methyl;ndole 2- carboxyllc acide33 o §

Brown et al.

fod

- This compound was prepared from l—methyl l phenyl—

hydra21ne 30 and pyruvic ac1d 31 by*the method of Flscher

and Hess,“'2 m.p. 209-210 (lit. m.p: 212° ).

l-Methyllndole 34
: 42

Follow1ng the method of Fxscher and Hess, 13.9 g

of l—methyl;ndole—z carboxyllc ac1d 33 was heated to 205

untll the evolutlon of gas ceased then cooled and steam

‘ dlstllled tocglve 3.1 g (30% yleld) of the product as a

brown oxl. Examinatlon of the nmr spectrum showed thls to

beJ?f suff1c1ent purxty for subsequent synthetlc steps._.
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The nmr spectrum GTMS(CDC1§)5_’3{63 (s, 3H, NCH3);

6.46 (d, J = 3 Hz, 1H, Lndole 3-H); 6.95 (4, J = 3 Hz,

indole 2-H); 7.04-7.72 (m, 4H, aryl protons). o

1-Mebhylgramine 35
o This compound was prepared as an amber oil in 63%

yield by the method of Snyder and Eliel{43
The nmr ‘spectrum GTMS(CDCI ) 2.27 (s, 6H, B

N (CH 3.61 (s, 2H, CH )i 3.69 (s, 3H, indole NCH 3

| 3) 90
6.97 (s, 1H, indole 2-H); 7.05-7.91 (m, 4R, aryl protons)

1- Methylgramlne methlodlde 22
| Thxs compound was prepared accordlng to Snyder and
Eliel43 by t;éL%ikylatlon of l—methylgramlne 35 with methyl

iodide. The crude material was formed 1n 98% yield as a-

" pink SOlld Wthh was recrystalllzed from methanol/ether to

glve ‘'small white leaflets, m.p. 177-178° (dec ) (llt.llnst.
_dec. Bt. 195° ) B SRR SR
Tne nmr. spectrum 6TMS(DMSO-d6): 3.12 (s, 9H, |
N(CH3)3) '3.88 (s, 3H, indole NCH;); 4.79 (s, 2H, CH )i
- 7.74 (s, 1H 1ndole 2- H), 7.09- 8 09 (m, 4H, aryl protons)

Anal Calcd for C13H19 oI C, 47.29; H, 5.80;

N, 8. 48- I, 38. 43 Féund: C, 47.31; H, 5.88; N, 8.37;

-,

1, 38. 29 - [t*? _j" |
_Indole- —methyl 2 (N N4Blme yl)carboxamlde 39

Patterned after the method of 5ch1ndler,44 9.2 g of

e__l-methyllndole-z carboxyllc acxd 33 was suspended in 135 ml
vof benzene (freshly dlstllled from ~sodium) under a nltrogen

' atmosphere. 13 5 ml- of thlonyl chlorlde dlstllled from



'_b-thlonyl-chlorlde were

I at amblent temperature a solutlon of 11 0 g of

-.quinollne was added dropwxse Wlth magnetlc stxrrxng over a
perlod of 45 min.  The mixture was then heated to 45- 50°

for l hr, durlng whlch tlme the acid. dlssolved and the
-
green. The solvent and excess
4 .
en removed on a hlgh-vacuum-dls~-‘

solutlon became da‘

tlllatlon apparatus,‘7b 1l of dry benzene was added to
the re51due and this solution was added dropwmse to 150 ml
of benzene which had been saturated w1th dzmethylamlne
vgasl_ After the addltlon was completed, more dlmethylamlne

- gas was bubbled 1nto the brown solutloﬁ to ensure an exoess

.

‘"f_of the am;ne.,'

After standlng overnlght 1n a refrlgerator, the
o mlxture ‘was, treated wi th water to dlssolve the dlmethy1~-

amlne hydrochlorldeﬁ e organic layer was removed and

iy

‘_'drled (Na soé) Removal of the solvent gave a quantlta~~

t1ve yleld of a brown 011 Wthh Solldlfled on standlng
to a materlal wlth m. p. 83-84° (11t. m.p. 95 ). "lx”
- The ir spectrum'v__ (fllm).. 11620, (c=0)_, 1455 H(C-N)
. -1 S v f N S

'l-Methyllsogramlne 40

Follow1ng the general method of Schlndler,44'6'g .

]}of llthlum.alumlnum hydrlde was maxed wnth 110 ml of

tetrahydrofuran and cooled to belOW'10° ' Over a perlod of
.

ta —l-methyl 2—(N N-dlmethyl)carboxamlde 39 in 90 ml

ux‘ﬁetrahydrofuran was added dropw1se w1th stlrrlng ﬂThehfif

mlxture was,then stlrred overnight, cooled in ice water..

65



- S " . T R 1
vand carefully treaced wlth water to decompose the unreacted
" lithium aluminum hxgrlde. The mrxture was flltered %nd the
' solvent removed fromvthe flltrate to glve a resxdue whlch
‘was treated W1th 25 ﬁl of 2 M sodlum hydroxlde solutlon and 'i
‘extracted w1th ether. The ether extract was, drled (Na SO )
and evaporated to glve 9 l g (89% yleld) of product as a\ ‘ "j;‘
brown llqu1d L ' \h, o | “_ |
‘q'};” The nmg spectrum 6TMS(CDC1 ) ‘ 2 21 (s,'éﬁ;_;h“‘
,N(CH3)2), 3.48 (s, 2H, cnz),.3 72 (s, 35,_1ndole NCH3) \
6 36 (s, iH, Lndole 3 H), 6 93 7. 70 (m, 4H, aryl protons) |

. - .
l-Methylrsogramlne methlodide 23 : Coe

" Following. the procedure of Sch1nd1e£744 9. 0 C8 of ﬁw

l-methyllsogramlne 40 was alkylated w1th methyl lodide“toihl

grve 14 0 g (89% yleld) of a brownlsh solld.u A portmon'ﬁaf;f
Lof thls was recrystall;zed from methanol/ether to grve a.”"
??cream-colored solid m‘p. 207° Cllt m p. fl? 219').' |
The nmr spectrum STMS(DMSO d ) 3 16 (s,'QH,-,a

uua[3 3). 3. 88 (s, 3H, mdole NCH) 4 92 (s, 2}1 CHz),

67Y0 (s, 18, indole 3- n),.7 po—7 87 (m, 4H, aryl protons) ’ ”.7,35

"y : b3l o ‘

. LA Cr

~ Anal. Calcd. for clgﬁlga I C, 47 293 H 5 80';.1-;;.7 ISR

| 8 48, 138.43.  Found: c, 47 04. H, 5. 82; N, 8 Ly Tt

' ' S S o B R Ve i
\I, “38. 80. B U fé'.~*‘[gr”ﬁ1””w?j*fﬁé”‘y
: o “ e e M R U

-Hydroxymet_ll 1-methy11ndole 42 o . v
A solutlon of 5 g of l-methyllndole—z carboxyllc -
4

acrd 33 1n 100 ml of - tetrahydrofuran was treated cautrous~;;;
'vly w1th 3 5 g of 11th1um alumlnum hydrlde, hen refluxed

for 1 hr. The mlxture was then cooled and treated wlth ;'»; .
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ethyl acetate and then Water to decompose the excess of f:f‘

'*11th1um alumlnum hydrlde The resultlng m&&ture was

= flltered and the fxltrate drled (Na §O ) ’ Upon evapora4

' txon of‘the solvent.. th;s solutxon ylelded 4. 0 g (87% yleld)
pf & 1>1.ght }ellow eohd . 2 J2- 93 (llt. m. p.'108 110%).4

.ii_The nmr spectrum andlcated a purlty sufficient for subser
e Y ) , _

»"4 ™) d
g E \..4

:"”iquent steps.' ?“~; e r’.fv‘f-ﬁ 1,~‘@n;,;f7¢

B . ﬁ*' R - N b R

The amr speétrum 5,ms(cnc1 )t W98 bz, 1H, QH
x_:f.‘f..-- ' -
ffﬁ_B.G- 3?, CB ), 4 67 (s, 2H CH ), 6. 37 (S, lH, 1ndole"

e 37 A 1)) |

; 3—3), 6 96‘% "68 (m, 4H aryl protons) »_
Lo 1 - 2-yln‘eg)yl n-%-bugylcarb,amate 24 e

l-' e,t?".

1 N ‘-
A mlxture of 1. 50 g of 2-hydroxymethylwlwmethyl—

sflndole 22’%nd 2 3 ml of t butyl 1socyanate was.. warmed onf

'a steam bath unt;l all the SOlld materlal had dlSSOlGed 'A*;5-‘

‘ -~

'The solutlon was t&en cooled overnzght in a refrigerator, o

- .,

et

'the result;.ng prec1p1tate collegted, washed‘m_th ' ; g
- petroleum ethir (b p. 60 118 ’Q and evaporated to cxceO'{;é?;>_f
- 1.5 g ofqa -dark brown materzal ' Extractlon ot thlsfifgffﬁvi'”
6.S“b5tanCe thh ether left a brown earthy resxdue‘pnd gaveb  f"”_

. a solut;on from whxch & 78 g (32% yzeld) of a cream—."?
-colored mater1a1 preclpltated upon concentratlon._ This o
:substance was recrystalllzed from elther acetony/water

“{ ‘or ether/n—pentane to glve.crystals, m p. 103° R
' _' The ir spectrum v (CHC13) 3440, 2970 1720‘ '

(carbamate C=0). 1495 1460 1390, 1360, 1335, 1315, .

1255, 1135, 1065 cm -1

' spectrumé (CDC.I )i 1.33 (s, 9H, ..

g L
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s 23 L(?

ag,NH).

2H CH ), 6 57 (s, 1H, indole 3-Hf; 6 93- 7 70
552‘ e Anal ealcd for Cli‘Zﬂ 292 Imol..gyt 260 1524] JOOPR I
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. Gram1ne meth:.odlde 260 .y % . o L
. N A > [} B . o )
: The method of Gelssman and rmenBﬁ was found to gfve LN
. ‘ [ """ _»’
a stlcky m&terlal contalnlng lmpurltiesdgfldl&ethyldl-:ju‘fwu’«.3;'

‘_.(3-1ndolylmethyl)anunon1um xé’ﬁxdc 53, as evidenq‘éd by the

‘ spectrum (s:.nglets at€2 8"5” and 7 30 6 " 1n»¢§DC13)
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An 1mproved method 1nvolved fxrst dlssolving ,2 75 g.‘,

of gram:.ne 43 in 300 ml of ether and add:r.rig thJ.s nearly ' j b
‘saturated solutmn {owlse with stirring to 1'90 g of } L s
 \methy1 1od1de.- As the add;t;on proceeded a whxte—to-pale-"

yellow SOlld precipita’ted from the reactzon mxxture 1n

quantit(tive yield.. 'I'he product wu rocrys;:_glhzed from :



- - ' ~f' o 3 e 69
D -
m‘th*ol/ether as white crystals, m. p."168 170 (lit. mp
. \ ‘:0 L, "'f :
. 168~ 169 ). | ; . P ??ar'; N o
B . : u_ 4 ’- o » I T
- '~ The nme specgpum Gghs(DMSO'd ) s 3 12 (s, 9H, e '
N(CH3)3), 4. ao (s,' 2H, caz),_v 76 (4, 3 -% 5 Hz, m, - *
lndole 2Jn$ 7.os-sx03 ﬁm, 4H,_aryl.protoqpl; 11257 _(br,
) Lo ) . ‘ L'.,. “, 5 o

- 1H NH)-,’ﬁ‘; . S
i *". Anal." Calcd for C12 173 I: C, '45 58’wa S 42: Co | .
6N, 8 \86 10 40 14 ',Eouqa,' c, 4s. 63 H, 5.67; M qp ss-f‘“'-‘ S

Iwo 14, ' b.. ! “ .m ; o | ; "0"":'«%: . ‘ }*’g’ﬂ

| %Treatment oﬁ l—methylgramne methlodlde 22 w:.th sod!.' o
iy hydroxlde in methahol % . 'f_' o w t s j‘
:3f??’EfF( 1 Asgslutrpn oﬁ 1. 495 g (4 33 mmole) oﬁll-methyl- S "5;<;;l
. ~_‘ gramn.ne x;\ehtblilodide 22 and g 181 g‘;’@l 5’3 m:hole) of .h’ o } o '. 
s‘dlum hydrox;de in 100*\1 ovf’*nhyd;rous xmathanol %s LR 5~
placed in a stoppered volux;e.tric flask..,anq‘suspended for ’ ‘{

209 hr 1n an oil bath themmted at— 73 0@' The soment ,

T was then _,removed in vacuo and the organlc porytlon of the‘ 2 N
P . &.. ,,' .
- res:.due extracted vuth ether Recovery was 0~ 790 g (4;5}.'-.,.& e
e e .

: ¥ o
mmole, 99 6%) of 3-methoxy1pthyl—l-

t’hyl:.,ndple“ 36 as a St S

br‘own or\ wh:.cﬁ becamg ﬁérd and v:‘: ous on prolonged stand-—,f-'.

L ‘ \ . B . . , ) v. .. . AY '. ,.:t‘ ’T&':‘f ', - . . ) -. .' ‘ . : .‘ . 1\ .. . . . - : : “("A .1:
. lng' ‘ AR L o [ "b -I‘. - . ) w ', - : o . - . ,_... " .‘":. . . N ‘- '.".i .:.. ( o .

4:'- el o N e A'\, 2 .o : . ~." ) '»4 'v . - . .. ‘  ) . R .-4 ‘.j
;*w}“"“ The ir spectrum Vo (cnc13). 2900, 1635,:1596, -
DT e o B o

1450 1350; 1305 1130, 990 cm. A T Co

. > - \‘ . e ot

." L The nm.r spectrum GTMS‘CDOI ) /’36 (s, 3H,‘OCH3), L
‘! 3. 57 (s, 38, ncn3);,4h63 (s, 28, ’gnz); 6.95 (8, 38, 1g§o1e
| 2-8) ._7 07-‘7 82 (m, . 4!!, _aryl prOtons) . SR e

Mol. wt.. Calod. for cnnnuq. 175 099?. \PI‘ound

: \

.
[ OSSN SO N
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o d‘u‘ ~ ' . ‘. ’ ‘ co . ".. :
(mass Spectrum ,;”75 0993. e ' o
“wv '

: Treatment %l-methylgramxne meth:.odn.de 22 in metpanol in

% | % " na . o .‘7““
‘ N thg ‘!abgence of sod%m hydroxide : : o B .

A so.l‘.utlon of 04147 g (O 445 mmole) of l‘methyl. e
Y ‘ 3 0

o Tt '“.
‘Agxamne methwdlde 22 in 10 ml of anhydrous methanol was YN -

stoppered in a 25 ml pear-shaped flask and éhspended for‘

) 311 hr in an oil bath at 70. 0°. Trlle ether extract of the
.evaporatlon res:.due gave a’ dark mater:.a’l which appeared o ' ,
, '(nmr spectﬁum) tg be' exten51Vely decomposed There was no
P} N . 2
’ byl * : : PR Y
. indlcatlon of the presence ‘of the ether 36. ST ',-"j-

.*’rreatnmnt of l-methylgramlne meth:.odide 22 w:Lth soda.um . ;, -
Lo ﬁ._L, e — e S . ...7* SRl
: hydroxide®in wat.gr. ‘. R ‘*’%; S e W'ﬂ;"-‘v ‘

o “ V_' v IR v ‘ "'4‘“ o
LW A solution of 0. 159 g (o %3 mmole) of l—me’t"hyl- e

Cowe,

gramne,me‘thiod:. _p,g and .0. 021 g"(0.531 mmoley of gﬂ R
ﬁd}um hydrdxi/d q 10 ml of dlstlglled water' was stoﬂpered - L2

J,n a 25 xﬁl Pear-shaped Elask nd suspel’lfied for 48 hr in an

éi:f oil’ bdth ? 70 0%, The et)ﬁ:;fﬂ:ract of é‘le re51dne after ' @ w
3evaporatlon gave 60 mg of an" omnge 011. ) 'I‘he mass: spectrum SRR j
om = 21&!) and the aryl CHZ' and" aryl CH3 ratlos of the nmr . ’

ai"*" ”mteg;ations mdicated thnt thxs product was d1-( 1-methy1-A o .—‘

gt J.ndolyl)-methane 37 ~ : f' S o : R e e
mt of l-methylbramnt meth&o!de 22 wi/\/ 2, 6 lutldxne’jit';f; ‘\
— Faaa o

: v TR T

,»; ‘.in methagolx

'}«f,-j"','test tabe ‘and placed :mto a; 70 ? oi.l bath f0r 259 hr.._. The



¢ vo’mp as descrlbed above gave only 1l mg. of the ether 36‘
(mass ,&spectrum m = 175) plus 50 mg of solld materlals T - o
' whlch could not.be xdentlfied | o
—~

Treatment of l-methylgramlne methlodlde 22 w1th sodlum

| methéxxde in t- butyl alcohol C /1 :

0 136 g (0 412 mmole) of l—methylgnb!nne meth-—

-

loch,de 22 and 0 024 g. (O 437 wﬁle) of éodlum metl’fbxuﬂe h s
. were suspended in. 10 ml ef t—-_‘ ‘1 alcohol and placed in’ ?..:

a 79 0° 011 Path fx 187 hr. From the workup was 1golated .

20 mg of a yellowi Oll wh;ch from the nmr spectrum and

B

wmass sPectrum (m: = 217) was identif:.ed as 3-t—butoxy— I L

c LY . S : - '
o methyl—l-methyll‘;}do " I ‘ R ‘,.;'_. * S
.,_<ci(c;1 )“3); 3 72 (s, BH,,NEH ), 4“,55 'f’s' 23, ﬁf)r 6@-%36 a
(b‘s m, SH, ary.L plus :mdole Z’ﬁ prot@s) & "«..’,?,: »I
e “l‘teatment of l—methylféogramlne methlodlde 23 1th sodium : ‘ “

. hYdroxlde in methanol ‘ B 7 L L *»‘,
.-:' PR ¥ 1w of 1. 257 1 mmol of* - . ‘
> 50 tl‘m b 9 (‘ 8 e) of 71- methég
1sograxtune methlodlde 2'

‘«and 0.152 g (3 81 xﬁmole) of L
sod:.ﬂm hydroxlde 1n~ 100 ml of anhydrous methanol v’hs | .
placed Ln a 'IQ 0° 011 bath for 425 hr.. Tbe sol;utxon Was ?‘ o

then evaporate&y to dryness anq extracted w:.th ether to

‘ glve 0 19, g (31% yléld)\/f,\z-methoxymethyl— -methy'f;',‘"" ole i

S..a -ge&'iou\seli.d. m. p.‘ ‘ 69% of urfreacted 23 T

s
!-.'n

‘rhe 1r spectrum\)max(cnm. )

1460, 1395. 1335, 1310, 1135, 1075 905 cm



i - ;

.72
| The nmr SPectrum GTMS (cnc1 ) 3-31' (s, 3H, OCH, ) ;

3. 73 (s, 3“’ NCH3" 4.57 (ﬁ? "2H, Cﬂz). 6. 46 (s, lH, 1ndole

3-H), 6. 87 7 73 (m, 4H, aryl pgotons) ' T . T; .

_ Mol wt Calcd fon C11H13NO 175.099T, Found

T (mass spectrum) 175 0%?4 T -:. .1 r.~fi;i‘itﬁmf ; .é g F};s.

,; Treatment of lbmethyllsogramlne methlodlde 23 with sodlum

b

hx§rox1dé 1anater

*

A solutzon of 0. 162 g (0. 490 mmole) of l-methyl-

8 el A

.vlsogramlne methlodlde 23 'and 0.030 g (03739 mmole) of CA e

sodlum hydrox1de 1n 10 ml of dlstllled water was stoppeésgw i--
A . : - ¥ B . e
' qgsuspe ‘gd in an 011 path e
}‘ 4 : SR + ‘
chermostatediht.sﬂ 0° for 160 hr. After the workup§pror é t-
&

cedure descrlbed above 0 132 g (0 400 mmole, 82% y;eld) of ffré;;ﬁ

g 1n a 25 ml pear—shaped f

tﬁe startang mater;al wap recovered.- Qﬁ

..(#

e \extract was obtalned th;s Paterlal cbuld not be charact
. b. Q'l
e ) R g v 4» ’

EI I8 . -

'1zed i'}'}“i* f.l'; J,‘”.«< e S
: . Co '. - . . .o '( ,‘r'«

Treatment of l—methyllndol 2 ylmethyl N-t-buty;carbamate 24

s wlth poéassxum hydroxlde in methanol—d4_ést’¢;ﬁt

20 00 mg (0 0768 mmole) of l-methylindol 2 ylmethyl

N t butylcarbamate 24 'nd 8 18 mg of 86 5% potassaum fjﬁ}g%ﬁgiili

h§3r0x1de (0 126 mmola' were sealed 1n an nmr tube z::h 1. 0

- L8

ml of methanol d4 con ainf, one drop of HMDS The nmr

/ ) -: - ‘. [N et
‘;:;vspectrum was recorded and the tube was then placed '1n a J "

90 0' oxl ba@h for 164 hr. Aften thls the nmr spectramxwaﬁ




The nmr spectrum before heat:.ng 8 mps ¢ (¢ OD) '1_‘.2'5"
o

| (s, 94, C(CH3)3) ;3. 66 (s, 3H, NCH ), 4. 90 - (s, exchangeable
".'protons), S. 12 (s, 2H, CH?; 6. 41 (s, 1H, indole 3-}{), 6. 82—

g-’ 52 (W 4H, varyl prot:bns o ot

M

“‘"f . . ‘Thedamr spectrum aften heatmg ‘SHMDs (CD3OD) 1.24

* (s, 9H, C(CH3)3), 3.%2 (s, 3, NCH, Vi 4. 8¢ (s, exchangeable

proton?), 4.68 (s, 2H, CH;); 6.32 (s, 1H,~1ndo¥f'§1ﬂ); 6 q;+, e

t

R LY : X P : N . :
bt 7.50 (m, 4H, aryl p}otons) k B

gﬁ " Treatment of gramln methlodldg 26 Wlth spdlum‘ hydrox;Lde trin o
methancl oL ‘ o .,.) WO Co ) .'.‘ "n i Ry 2 .' dl. 6‘:‘ L
. —A-_—'-——-— il P N L L@ # 'A"" ";7 s o 1;;4 9*5.

; 4!}5 g (4 44 mmole) oﬁ gar;amlne o "_.,: S
I ¥ PR
%tmmole) of sog;.pm l}ydroxldé ¢' S et

. TR R S R
thanol WAs.gl:‘aced ix ay gcessuxe =°3 ol e

S A so&xtlon of"v"

-

e meth:_Lo,dl.de ':ag“fand '

o bbttle J.n an oil bat'h at 70 0 for 99 I3r. imﬁé solvvt was v@J
R R A
» :then‘ removed and the resxd.ue extracte \hth e;her to glve g
| _‘_0 700 g (4 34 mmo,le, 98% yleld) of 3—methoxymethy11ﬁ'agle 1}4‘,3} i__‘-f;

recrystalllzativori from

RN g wg ) 'A‘ s c e

Thln-layer S

'sjas a solld, m. p. 94- 95° f'

benzene/n-—pentane (llt.ym p. »‘_

N

,?“ﬁchroma%graphy % sa.llca gel w1th ‘en.ther benzene or - "-_\'.

- : n" . LT
-_.._',vbenze‘ne n-—pentane‘ 10 90 as the developlng solvent sho&d S e

, """_:'ta s;ngle component. The mass spectrum showed a parent 1on -
"‘_'f‘vi:,at m/e = 161. ;‘ ?Q T |
L The 1: spectrum\) (cnc1 ).l 3475‘~900?’ 2930,5_..f1*

' 3{;455 '1415, 1335, 1085 en” 3‘(,ﬂp ~‘ie'3_:_;;-.pa ,,}:gi,f;_§f¥7?°L
o .' 'rhe nmr spectrum GTMS (CDC}).-. 3 40 (s,, 3H, KOCH ), .
467 (s, 28, cnz): 6:99.(a, 3 = 2.5 Kz, 1, inadle 2- u),,.{f

. 08- 7. qg (m, 4a, aryl.protons), 8”‘i¥(br, 1n, NH) o



5s%fspectra were usua.ly rpn 1n dupGCate or tr1p;1 afe, and

Kinetic Studies . P _ 1 SRR

-

For each klnetlc run, the salt or carbamate ester

o

'_was welghed into a clean nmr tube. The calcuiated.ampunt;f'"~

ﬂ&# -

) ‘of 86 5% potass:.u' hydrox:.de was dlsso»lved ’iqqaho’ut 0 5, ‘ml’

.‘,,

| of CD3OD in a/l ml VOlumetrlc flask. The - flask was then ;-*t

R 4 y Ty ;
A“sfllled to the mark with CD30D and two drops of HMDS as an

!

.'1nterna1 standard The contents of the volumetrlc flask :;3fgf_}

£

';fyére %ransf%rred\to‘the nmr tube Wthh Wal 7‘”

-
I

'sealed

Dot » o . "‘.”’ ".' ' /.
_;.M- B The/slowef reactlons were cOnducte- _i--constant

'fprlor tc he spectrum recordfhgs~ ﬁbr the faster feactlons,

Except for the’faster runs, lntegratlons of the

_:the results averaged to reduce random fluctuatlons. :;Qi.f§jf

R o

"“ﬂﬁof the nm' 1nstnument.; The technlque COnSiStéd °f monltor-,'
R .. %v; * :

. 1:‘:

Tt



DNA Studles

The fluorescence assay techniques used for the "

ihvestigatlon of - the 1nteractlon of ‘these indole derlvar‘

.

tlves are descrlbed ln detall in Chapter IPI u' a E B :

o The experlment w1th 1 methylgramlne methlodlde 22

[y

was carrled out on a 150 ul scale at 37 .‘ The reactlon

._' »

m;xtures contalned PM2 CCC DNA at 0 67 A260' 0 07 M ww'

phosphate buffer pH 10’3, and l~methylgram1ne methlodlde

22 at concentratlons of 6 7 X 10~ =4 -3 BT
2 P-—

l 3 x 10, M}; 20 ul allquots were w1thdrawn at tlmed 1nter-‘

6 7 x~1o M, or

_ vals, J% to a. totaL?of 1,5 hr for the two solutlons w1th
_ the loweﬂ‘conéentratloqs of 22 up to a total of 33 hr for ot

the solutlon mé% cSncentrated 1n 22 ‘A control reactlon ' _

:contalnlng no lamgthqu;amane methiodlde 22 was also run,'
Over the tlme pe’?ods studxed there was “no. drop ln the 'ﬁfl" “:}j!

', after heatlhg fluorescence of the samples.. (Alkylatlon

o of the DNA would have produged a drOp in thls value)

The experihent w1th l-methyllndol-2~ylmethyl N-t~';ip_fhj£fﬁ

butylcarbamate 24 was carrled out on.a 200 ul scale at 37”,'p' 1

The reactron mlxtures contalned PM2 CCC—DNA at 0. 50 A EOfT -

TN
0 05 M hosphate buffer pH 7 0, and 24 at concentratlons

_J°f 5 0 x 10 =3 W M or 1 0 x.}% 2 M- (made from a stock solutlonff””;h"‘

2

of 24 at a concentratlon 03\2 0 x 10 M 1n acetonltrlle)

A control‘reiftlén contalnlng 50% acetonltrrle by volume,xfﬂ;tfﬁ;f;j

O -

hdrawn at

but no 24 was also run.- 20 ul allquots were-wi,

fluorescence after 16 hr.tfpﬁp%fbgﬁgfﬁ?‘h'

Y




7.0 x 10 M ‘6r 1. 4 x 1@ :

“ﬁ”catxng 11% cross-l; zng for the hlgher‘poncentratlonfof

.‘tse gramlne salt, and 13% cross-llnklng for the lower‘con—

»rlse, §Hpgest1ve of alkylatlon followed by slower strand

of cross—lxnklng) rjéshed a maxlmum aftér 300 mln, 1nd14

g . .

The alkylatlon experiments w1th aqﬂﬂﬁhmethlodlde

e

,:5 scale at 57' —wThe first mix-- 4

\
7. 0, and gramlne methlodlde fh at concentratlons of

In both cases a control

‘experrment contalnlng no 26 was run. 20 ul samples-were
fgw1thdrawn at tlmed lntervals over A perlod of 130 mln.f_ln

”‘all experlments the before heatlng fluorescence showed an

. ?

“1n1t1al drop for about the flrst 30 man, followed by a

sciggton._ The after—heatlng fluorescgnce value 'owed aﬂ

DR

3gradual rLSe, sugge%tive of cross-llnklng.

4
The ‘cross- llnklng of DNA by 26 was conflr

fexperlnents w1th A DNA run on a 200 ul scale at 37° fRe%

5

'phate buffer pH 7 0 or 8 7, and 26 at concentratlons of

2. 2 % 20° 4'Mor 2.2 x 1o 3[n5'
2 9 X lO 4 M or 2. 9 x lO -3 M for pH 8 7 experlments. 'Fbr-

O e
G'*pH 7. 0 the ratlo of a(ter heatxng fluorescence to before— A

-

Al

Y "“\‘_

actlon mxxtures contalned A DNA at 1 2 A260' 0 05 M. phos-‘:'

' 'lboth&pH varues avcontrol experlment was run w;th no’ 26 At -

76

RS

pH 7 Q experlments, and !{;,. ;i&.

.s_i

'atxng fluorescence (bthh 1s progortz nal/to the per cent hlf[f

. "-‘ “ o I



“and less coqgeﬁirated solutlons, respectlvely In both

¢\.(

l_‘cases the ccn;rpl experlments showed no-cross- llnklng
" ’ A 200 pl solutlon contalnlng A DNA at 1.2 A260'
0 05 M. phosphate buffea pH ‘8. 7 and gramine methlodlde 26 at

a concentratlon of 3. 4 X 10 3 M was 1ncubated at 37°' ind
e .,m., :

.vanalyzed by the ethldlum bromlde assay at pH values of

rll 6 and 7(u.lﬁ<ul allquots were w1thdrawn at timed 1nter-:€3«‘;g3

_'}-:\".' ter
i J - o

vals up €b a. total of 2 hr. The before-heatlng fluorescence _]:j;“;
of the samples dropped w1th txme, 1nd1cat1ve of alkylatlon _'b ;

of the DNA. Moreover, theee fluoreSCence readlngs were.the

0 B V

same at the two pH values of the assay, thus prov1 i

- .

= ki
tvxdence agalnst the N*? alkylatlon of guanlne.??,'”

o For tge base-dependeuce studles, 200 ul solutlons .

@

were prepared.#ontalnlng th%hBNA at 1 25 A260' 0 QS M
phosphate b er pH 8. 7 and gramlﬁe methlodlde 26 at 'f,.;;_f %

3. 4 x 1o The reactlons were 1ncubated at 37°,~‘ w1th ROy

allquots w1thdrawn at tlmed 1ntervals to a.total of 230 nln.

NI T

The extent of cross-llnklng was determlned byﬂkh': o

bromide assay. T ., o

.- ! ’ y“f
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;gported for mitomycxn C-.a,

lactlon,ve"

CHAPTER IIT . .

.

STUDIES RELATED TO THE MECHANISM OF ACTION OF MITOMYCIN B

Although m1tomyc1n B 1s potent as both an‘antlblotlc

»and an antltumor agent, lxttle is’ known ab ut 1ts mode of

b o
‘pt by analogy W1th other members of the mltOSane

example, mltomyCLn C exhibLts/two-fold be-
/rd the genetlc materlal of the cell | lt alky—'fil
,jross—llnks DNA, and 1t causes degradatlon of the .

,‘K ,‘.. . .

;ﬂe have undertaken an lnvestlgatlon of thls behavlor

Aof m;tomycln B analogous to the studlés whlch have been re-‘;-i

12,13 A correlatlon between the.mz',;;
B N . :,!

Afmbehavxo:?Of tagse.two mlto neﬁ and thelr structural dlffer-»

‘;ehces w111 help to olarlfy many of the aspects of thelr modeA

fhhof actlon whlch are . not completely understood
f?fm1tomyc1n B is. an assay based on the enhanCement of flupr-ﬂ}ﬁ

*."1t has 1nteracted speczflcally wlth éouble—stranded DNA.;'E’}

B

t uThe technlque employed to stuﬂy the behav;oruqf T

S

.j’escence of the trypanoc;dal dye, ethldl“m bromlde 54 when o

";o!? - g




-

U51ng varlatlons of such an assay 1t has been poss1ble to-
'estlmate. o | _
~_l}5mdlrect cross—llnking of DNA,::j;gLV -;
| 72; fsequentlal cross-llnklng of DNA; f;,ef7
Zv';J'< ﬁ;;ialkylatuon of DNA thhout necessarlly cross—'
&i;i R o SEEIE

T e ”llnklng,. uﬂxs-.? ' :_.’
. . R . W '-/,. . ) . . : Lo - ]
,

.Vﬂ?*ﬁlnductlon of sxngle strand sc1ssion Ln c0va1ent-
e ‘, {.l Q;ly‘closed c1rcular DNA (CCC*DNA) aAGEits 1nh1b-‘
{. .[: ..V e£'1f 1tloﬂ%Ey1x?§mcal séﬂiengers and certaxn enZymeé .
- ;j”'h_{ewén 31muleeﬁée£s'eiess-linklng &ng'ssrana sc1§§10n.wr’

In addition7¢

.r

) chemncal studles were also carrled out in oraer to 1nves—f, .
l.‘ ’ »v_.'rl \ i B3 -*"A
tlgate the mechanlsm of:th

}s required for the log.
R x5 S , e
) » @Wunds. . ' ‘ r‘ E SN A K A ; CooT e |

‘The Ethldzum qumlde'Fi!qrescende Assegu fﬁ

{‘.‘

_;E;'-; s Le Pedq and Paolett1 qbserved th;t ethldlum bro-"e'\wf'

' mlde 54 shml”5-,‘ﬂ“e‘Pr0nounced 1ncrease in fIUOrescence Qfﬁf“”"“

. A . ' by ' .
when bounde' »gl nuclexc a01ds, however studles

A

.f'!%ythfbomSEP ‘f‘i,;f showed that there w;s no enhancementqeff‘~;

ey
. of fluoriFCenqe w1th th&s,polymef 1ndicating that only

biheI1cad polynucleotldes quduce the enhancement of

.

fluorescence.. Morgan and Paetkau4‘ have also confrrmed

thxs flnding.¢ Le Pecq and Paolett1 fu:thg; establxshed

that the eth;d;um catlon blnds to double~$tranded'poly- f“ffﬁy-
S A

‘_4' nuclequmdes hy 1nterca1at10n between the base planes, w1th:.f7]

3); approximatezy one ethxdlum blndlng s;te‘per flVe nucleo—‘"

1-eduction of ghe mltosanes whxchﬂ[

39
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tides; They have proposed that the enhaqbement of fluor—'

escence 1s ‘due to 1ntercalatlon oﬁ the ethldlum qumrﬁe 1nto
\’ . ) D)
“the. hydgpihoblc region of the nuclelo aclgs where'=: is 1;-f

A

~ protect! agalnst quenchlng of the fluorescence caused by

‘ -4 o
theuéqueous solvent. In support of this’ prOposal is the “

f;ndlng that the.iluorescence of ethidlum bromlde 1ncreased
when measured ln a!bohols of anrea51ng hyd;ophoblc Char-e ,;‘_,;y

acter'(ranglng from ethylene glycol to octanol).

Morgan and Paetkau49 have found that at an ethldlum;\}jjﬁff

brcmlde concené%atldh of 0 5 ug/ml %hgreﬁns a lﬂnear res-'d'
o‘l‘e of fluorescence enhancement wrﬂ? double-stranded DNA@v

concentratlons up to 0. 02 A 36“per ml Thls observatlon

B > . «

has led to a rapld and convenfent assay for “the- detectzon

' and determlnatlon of the relative amount of covalently &f»;~'_ ,
' @ R S
. llnked complemﬁntary DNA (CL@-DNA) 49 50 _}9']_.‘ 1_:..,,3

» .

US1ng thls assay technlque, allquots of samples.n SR

*\ coﬁtaxnlng cross-llnked DNA are analyzed for CLC sequenqesz“f,_f'

N ¢

hy dilutlng them in a solutlon.of ethldlum bromide _ ;.w,

2.

buffered’to pH 11.6.' A measurement df the fluorescence of s

this solutlon at 600 nm, w1th excltatlon at 525 nm, glves:'“7z3;‘f:

;o

‘u] to amblent temperature, when the fluorescence of the"
‘“f’solutibn 1s agaln measured._ Under,these condltions, sep-'

o .arabie strands of DNA de not reannea
\ . Lo T

PR '.f:



ment of ethidium fluorescence, The ratio.of the after-
‘heating fluorescence to the before-heating fluorescence

is thus a measure of the proportion of covalent cross-
linking. The pH of 11.6 is chosen to prevent the spon-
taneous formation of intrastrand bihelical structures from.
the separated single strands of DNA formed during the
heating-cooling process. These intrastrand ‘structures
arise from the presence of short .regions of self-comple-

43, 50a The assay is

mentarity within the DNA strands.
illustrated-in Figure 23,

A modification of this assay using covalently
closed circular DNA (CCC-DNA) was employed to study the
phenomena of single strand“cleevage and alkylation of DNA.
With this type of DNA, the uptake of ethidium bromide is
restricted by tépological constraints. However if the DNA
s cleaved in one or more places there is a release of th@s
‘constraintjkn_goipg to the oﬁeﬁ circular (0C) form of DNA,
witQ the result that more ethidium can intercalate, causing
increased fluerescence. For PM2 DNA this increase in the

before—heatin§~fiuorescence amounts to about 30% per nick.50

| After heat denaturatlng at pH 11.6 CCC-DNA will
completely reanneal, glVlng a 100% return of fluorescence.
' With OC-DNA on the other'hand,‘the denaturation causes
eeparation qf the linear strand from the circuiar strand,

with the result being that the value of the after-heating

fluorescence falls to zero. These processes are illustrated

.in Figure. 24 (a) and (b).

f\_
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FLUORESCENCE
BEHAVIOR

100f———— -

Figure 24.. Fluorescence assay for detecting single strand

scission, cross-linking and alkylation of

*  .CCC-DNA.
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Cross-linking or alkylation will complicéte this
scission assay. If there is cross-linking in additionhto
scission, the cross-link will serve as a nucleg}ion site, )
causing full return‘éf.fluorescence after heating (Fi?gye 24
(c)). Nevertheless, the rise in thé-before—hea ng fluor-
escence remains characteristic of the scission :tocess.
Cross-linking without scission gives only the full return
of fluorescence (Figure 24(d)). If there is alkylation
in addition to scission, there will still be an iqcrease
in the before-heating f%&zrescence due to the sciésion
process; however in this tase the value of the af%er—heat-
ing fluorescence falls to zero, provided there is no ac-
companying cross-linking. This is c%Esed by a heat-induced
depurination ih which the alkylated base is expelled from
the strand of DNA. The opened strand will separate from
the circular strand, causing a’drop in fluorescence. Al-
kylation without strand scission gives a fluorescence after
heatingnﬁhich drops to zeré, but no rise in the fluorescence

N

prior to heating (Figure 24(e)).

Studies on the Covalent Interaction of Mitomycin B with DNA

Qgtection of Covalent Cross-linking of DNA by.Mitomycin B by »

‘

the Ethidium Fluorescence Assay

Covalent cross-linking of A-phage‘DNA was observed
on incubating the DNA with mitomycin B at ambient temper-
ature and pH 7.0. . Sodium borbhydride was used to reduce the
mitomycin B. Timed aliquoﬁg were removed and the extent of

covalent cross-=linking was determined by the ethidium fluor-



.) .
-éséence éésaJ.‘ It was‘fbﬁnd gﬁ&tvgitomytin B pfoduced
rapid cross-linking, with over half of the DNA being cross-
linked within five minutes. The before-heating fluor-
escence did not change with time during both this experi-
ment and an analogous gxperiment in which the assay solution
was -buffered ﬁo-pH‘7.0, thus - suggesting that the alkylation
. of DNA does not occur at the N-7 position Qf guanine.35
The pH dependence .of the cross-linking wés estab- |
lished by repeating the original experiment at reaction

pH's of 5.0, 6.0, 8.7, and 10.3. The results are given in

Table IX and Figure 25,
In contrast to the behavior of streptonigrin 3,51
it was found that NADH and NADPH did not reduce mitomycin B.

pKa of Mitomycin B

The pKa of mitomycin B in watér was determined from
the pH of a solution of mitomycin B titrated half way to
its equivalence point with dilute hydrochloric dcid. This
pKa value was found to be 4.3, The pKa of mitomycin C in

50% aqueous methanol is, in contrast, 3.2.22a

Dependence of the Efficiency of Covalent Cross-Linking of

DNA by Mitomycin B on the (G+C) Content of the DNA
19b

Iyér and Szybalski and more recently Lown et

2 C oy
aZ.1 have shown that the extent of covalent cross-linking
of DNA by mitomycin C increasesAwi;h increasing (G+C) con-
tent of the DNA. We have determined@ by the ethidium ﬁ*ﬂor-

_ escence assay that this also obtains for mitomycin B.-

Three natural DNA's of different (G+C) content were used:



e

\\ Table IX

Per Cefnt Cross-Linking of A DNA by Mitomycin g ve pH

Conc.

x 10”4

0.6

1.0

MMB Conc. NgBH4
M x 107° M

pH

1.2

5.0
6.0
7.0
8.7
10.3

5.0

6.0

7.0
8.7
10.3

$ Crcss-Linking/
Time to Max.

(min) ,

()

100/5
89/5
45/5
32/5

0/5

100/5
69/5
27/5

0/5

95/5
67/5
29/5

¢ 0/30

100/5
92/5
68/5
35/5

0/30

86
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Figure 25.
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The pH dependence of cross-linking of DNA by

reduced mitomycin B after 5 min. The reactions

were at 23° in 50 mM buffer at the appropriate z

pH and A DNA at 0.9 A The mitomycin B

260"
concentrations were 0.6, 1.0, 2.0, and

4

4.0 x'lO- M and the sodium borohydride

1.2, 2.0, 3.6, and 5.6 x 10"3 M for the

following symbols respectively: X -X, O -0,
. %
0O -0, A-A. Fluorescence values were ob~ “

tained after heating.



Clostridium pe;fringena.(30\), cylf tﬁymus (40%), and
Escherichia coli (508). The reéult; for the threé_DNA's
obtgined by the assay method are not sgrictly comparable
since the DNA's have different molecular ygights, as de-
termined bj sedimentation,velocities-(Tablg X). One

@

Table X ’

L]

Average Molecular Weights of DNA's Determined by

Sedimentation Velocities

.DNA Avg. Mol. Wwt.
-
C. perfringens 11.4 x _106"
Calf thyms 9.1 x 10°
E. coli ' 7.7 x 105
. N

cross-link per DNA molecule is sufficient to produce rapid

reannealing of the DNA after cooling, regardless of the
length of the_gtrand. As a result, DNA's of low molec-
ular weight will Kequire a greater number of quzz-linking

events on a per nuclegQtide basis to obtain the same overall

per cent cross-linking. Assuming a Poisson's distribution
of crods-links and that one crossélink will permit renatur-
ation of the molecule of which it is.a part, an éstimate
of the average number of cross-links per molecule (m) was
made from m = 1ln (l/Po), where P, is the fraction of mole-

cules not cross-linked. Taking the average molecular weight

for each nucleotide as 300, the number of cross-links per
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nucleotide was calculated for each of the DNA's. These
results are tabulated in Table XI.‘ Figure 36 shows that
there is a direct correlation between the extent of cross-
linking and the per cept (G+C) content of &he DNA.

Cross-Linking by Mitomycin B Without Reductipn

Iyei;ind Szybalski.l9b have proposed that the Cfl
and C-10 sites of mitomycin C are activated by reduction
of the quinone moiety followed by the elimination of (::
methanol (Scheme 3). T It haS been/fOund,lz however, that
at sufficiently low pH, cross-linking occurs even .in the
absence of reduction. We have found that this is also
the case for mitomycin B. Figure 27 shoﬁs the/ kinetics of
the cross-linking of DNA by unreduced mitomycin B at
pH 4.0. The extent of cross-linking is greater than for
mitomycin c 12 as is the initial rafe of cross-linking.
Thege findings are consistent with the higher pKa and the
gx¢2ter pH dependence of cross-linking exhibited by
mitomycin B. A control experiment indicated that under
fhese conditions there was no significant acid-induced
cross—liﬁking.of.the DNA. A similar experiment at’pH 5.6
showed no cross-linking after sixty minutes. |

Detection of Alkylation of DNA by Mitdmycin B

It has been found13 that as the concentration
of mitomycin C in the reaction(mixture is increased,‘a
progressive decrease in the fluorescence is observea.
Subsequent expér%ﬁents established that this phenomenon

\ : .
was due to a reduction of the number of ethidium bromide
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AVERAGE CROSS-LINKS PER
NUCLEOTIDE x 10

1 . 1

R

Figure 26.

35 40 45 50
"% (G+C) CONTENT

Dependence of efficiency of covalent cross-~
linking of DNA's by reduced mitomycin B on the
(G#C) content of the DNA. Reactions contained

DNA at 1.25 A260' 0.05 M phosphate buffer

PH 7.0, and mitomycin B and sodium borohydride

at O, 0.6 x 10 %M, 1.2 x 1073

4

M and

0 3.0x 10 °M, 6.2 x 1073 M, respectively.
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The cross-linking of A DNA by mitomycin B
without'reduction.. The reaction mingFe
contained A DNA at 0.95 A, o, S50 mM sodium
acetate buffer pH 4.0 and mitomycin~B‘at .
2.4 x 10—4 M, at 23°. 10 ul aliquots were
added to the ethidium assay solution and the

DNA was @quated to the

per cent cross-linked

per cent fluorescence remaining After heating.

O control experiment at pH 4.0 with no mito-

mycin added.
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intercalation sites by either steric hindrance or: charge

repulsion between the positively chafged alkylateg;bases

and the ethidium catioh. We have oBserved a siﬁilar'

[y

decrease in fluorescence w1th 1ncreasxng concentrabions ot

mitomycin B. These results are presented in Table XII-and
]
Figure 28, together with their pH dependence. * '

[

Correlation of the Decrease in-Flﬁorescence With the Extent

of Binding of Mitom

1,- V

the loss of fluoréscence observed
: S e e =

during the ethidium assay is due to'alkylatlon of the

" To confirm

.

DNA, an exgeriment was performed to correlate this de- ™

’

crease ,in fluorescence with the extent.9f the ﬁinding

of the mltomyc1n B to the DNA. The decrease in fluor-
escence w1th progressively 1ncrea51ng amounts of mltomyC1n
B was determined by the fluorescence assay described \,
above.' The binding ratips of the DNA to mitofiycin B were
determined ﬁy the3 H-~label method deseribed by Begleiter,1
except that the concentratiqn,of'bound antibibtic was ob-
tained from the uv‘ebsorbasce of the drﬁngNA complex at
286 nm. The proximity of thia absorption to the DNA °
absorption at 260 nmlwith the resulting everlap Qf.ab—

sorptions, and the lower mitofycin concentrations used,

cause a largeruncertainty in the bound mitomycin B -

- concentrations than was found in the case of the mito-

mycin C concentrations;. this uncertainty becomes partic-

ularly large for the- smaller concentrations of mitomycin

hXN

B. As a result it is not possible to establish whether or

93
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Table XII

"

Per Cent Loss oﬁ‘Fluorescence in Alkylation of .

A DNA by Mitomycin B vs pH

Conc._%MB ‘ Conc. §SBH4 ~ pH % Loss‘of”
x 10 M x 10 M . Fluorescence
0.6 i 1.2 5.0 34
6.0 12
y 7.0 1
‘ 8.7 o
1.0 2.0 | 5.0 53
R 6.0 " 16
7.0 2
v 8.7 0
2.0 3.6 5.0 . .69
6.0 33
7.0 . .20
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The PH dependence of alkylation of DNA by re-
duced mitomycin B. The reactions were at 23°

in 50 mM buffer at the appropriate;pﬂ and A

'DNA at 0.9 Ar60- The mitomycin B concentra-

tions were 0.6, 1.0, and20x104Mandthe
sodlum borohydrlde 1.2, 2.0 and 3.6 x 1003 M°

for the follow1ng symbol§ respectlvelx
0-0, O-0, A-A. N\
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not there is a strong correlation between the loss of
fluorescence and the binding ratio; nevertheless the data
of Table XIII and Figure 29 show that thére is at least a

trend in this direction.

The Mechanism of DNA Degradation by Mitomycin B

Detection of Mitomycin B Induced Single Strand Scission of.

CCC~DNA by the Fluorescence Assay

Since the breakdown of DNA by mitomycin C has been
‘suggestedzg as a possible mode of action for that drug,
the interaction of mifomycin B'Qith CCC-DNA Qas studied in
order to gain information about the DNA degradation by
this drug, and by the mitomycins in general.

On exposing the CCC-DNA derived from PM2 bacterio-
phage to mitomycin B reduced in situ, a rapid increase in
flusrescénce was observed. There was no loss 6f fluor-
esceﬁce obserQed after heating, which ﬁhows that there
is also efficient‘cross-linking of the DNA. Thé 6Vera11
reaction is that illustrated in Figure 24(c). The Sesﬁlts
are shown in Figure 30. - S -

It was also shown in independent experiments that
.ihis cleayagé of the DNA caﬂ be retarded by the additibn
of either or_bbth df the cell protective enzymes catalase
‘(which:removes hydrogen peroxide from‘the cell) and super-
oxide dismutase (which catalyzes the dismutation of the |
superoxide (029') radical). The strand cleévage could

also be inhibited by the presence of such free‘radical

/ scavengers as isopropyl alcohol, dimethyl sulfoxide,
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Figure 30.: , ‘ '_
si:gie strand scission of PM2 CCC-DNA by mitomycin B.
Reactions were 'performed at ambient temp‘era‘ture in a
phosphate buffer pH 7.0 with 0.6 Aygo Of PM2 DNA.
(a) Additional components were: O mitomycin B
3.3 x-10°4 M, sodjium borohydride 5.5 x 19;3 H;’ o
O mitomycin B 3.3 x 10”4 M, so&ium borohydride ‘

3.3.x 1077 M, ‘sodium borohydride 4.4 x 1073 M, potassium

iodide 0.05 M; X control.
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(b) Additional components were: O mitomycin B

alcohol 0.25 M; O mitomycin B 3.5 x 1074 u, Ygodium
borohydride 5.7 x 1073 M, dimethyl sulfoxide &t.z% M;
A mitomycin B 3.3 x 1079 M, sodium borohydride.. o

4.6 x 1073 M, 2-mercaptoethanol 0.25 M.

4

3.3 x 10°4 M, sodium borohydride 5.5 x 10__3 M, isopropyl

4
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(c). Additional components werer O mitomycin B
3:3 x 1074 M, sodium borohydride 5.5 x 1073 M, catalase

2.3x 1077 M; O mitomycin B 3.3 x 1074 M, sodium boro-

.hydridJ 5.5 x 1073 M, “Buperoxide dismutase 1.5 x 107°" M;

Z&’mitqmycii B 3.5 x 10~% M,‘sodium-borohydride
5.7 x107%n, égtaldse 2.4 x 16'? n; superoxide dismutase

1.5 x 107 M.
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2-mercaptoethanol, sodium benzoate, and potassium iodide

. (Figure 30).
These results suggest a mechanism similar to that
26

proposed for mitomycin C12 and streptonigrin, in which

the cleavage of the DNA is induced by hydroxyl radicals

(Séheme 15) .

Scheme 15

MMB + NaBH, > (MMB)H2
(MMB)H, + 0, — —>  (MMB)H" + HO,
. N e e..
1% — #® + 9
2 H02 = 5202_+.02
® ia > HO" + HO? + O
) 202 - > P2 .
- : _
.
‘Consistent with this type'of mechanism for
. , ] A _ 52

mitomycin C are the recent findings of Handa and Sato
who confirmed tﬁat mitomycin Cvfacilitateg_thefproduction
of the superoxide rédical on reduction, and Tomasz53 who .
fodnd.fhat reduced mitomycin C genefates-hydrbgen.per—
oxide -on exposure’tb air.

- .
Strand Scission of PM2 CCC-DNA by Covalently Bound

Mitomycins °

We performed experiments on radical-induced scission

~

102
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in which either mitomycin B or mitomycin C was covalentlys
attached to DNA at pH 4.0, without reduction. . Unattached '
mitomycins were removed by dialysis, and the DNA-mitomycin
complexes were then reduced by sodium borohydride, causing
the characteristic rise in before-heeting fluorescence.
Control experiments showed that all unattached mitomycins
had been removed. The cleavage produced by mitomycin-C
was found to be inhibited by isopropyl alcohol, super-
oxide dismutase, and, in contrast to préeviously reported
findings,13 by catalase. In the case of mitomycin B, all
three inhibitors reduced the rise in fluorescence; this
was espec1ally true for the two enzymes. In'both cases
there was a progressive rise in the after- heatlng fluor-
escencq due to the formatlon of further cross-links

after reduction (Flgures 31 and 32) We conclude that

DNA may be cleaved by mrtomyc1ns to wh1ch it is coval-
ently attached, as. well as by the free antibiotic.‘ } g’

’Effect of Intercalated Ethldlum on the M1tomyc1n B and

Mitomycin C Induced Slngle Strand Scission and Cross-

L1nk1ng of PM2 DNA

It was of 1nterest to see what effect the
presence of ethldlum bromide in the,prlmary blndlngrsites
of DNA would huve‘on the radlcal 1nduced scission of DNA.'54
Accordlngly, PM2 DNA was first equlllbrated with varylng
‘amounts of ethldlum bromlde, then. treated with the

'approprlate m1tomyc1n, reduced, and assayed 1n the usual

manner. The solutlons were stoppered and protected from
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F:Lgure 31 Single lst.:rand scission of mitomycin B alkylated

” ‘PM2 CCC-DNA. PM2 DNA was alkylated at ambient

- temperature in 0.05 M sodium acetate buffer pH

' .. B ~ e
4.0.containing 2.4 Ase0 of PM2 DNA and

5.0 x 10 4m mitomycin B. Dialysis afforded
alkylated'DNA. Scission reactions were per-
formed at ambient temperature in phosphate

buffer pH 7.0 containing 1.08 A of alkyla-

260

" ted DNA. Additional components were: @

sodium borohydride 6.1 x 10 -3 M; [0 sodium

Y

borohydride 6.1 x 10 "3 M, catalase 2.4 x 10~/ M;

O sodlum borohydrlde 6.1 x 10 "3 M, superox1de
dismutase 1.5 x 10 2 M: A sodium borohydride

6.1 x 10 ~3 M, isopropyl alcohol 0.25 M; X con-

trol. & ' \ !
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- Single strand scission of mitomycin C alkylated

PM2 CCC-DNA. PM2 DNA was alkylated at ambient

temperature in 0.05 M sodium acetate buffer

pH 4.0 containing 2.4 A, ., Of PM2 DNA and

4

5.7 x 10 " M mitomycin C. Dialysis afforded

alkylated DNA. Scission reactions were per-
formed at ambient temperature in phOSphate
buffgr pH 7.0 containing 1.08 A260 of alkylated

DNA. Additional components were : @ sodium

borohydride 5.9 x 10“'3 M; O sodium borohydride

3 7

5.9 x 10 ° M, catalase 2.4 x 10 ' M; O sodium

borohydride 5.9 x 10-3!%, superoxide dismutase

1.5 x 10 ™>'M; A sodium borohydride

5.9 x 103 M, isopropyl alcohol 0.25 M; X

‘control.

105



" - 1106

light to prevent cleavage of.the‘DNA dge,&o the ethidium
: _ g ‘ -
bromide.
o ‘ .
or the case of mitomycin B it was found that with

no added ethidium bromide there was a rise in the before—'.

heating fluorescence, characteristic of strand scission. -
The prior addition of 6.3 x 10_6_M, 2.5 x 107° M, or (}7

6.3 x 10> M ethidium bromida caused no in€rease in this
\
ise (Figure 33). These results indicate that the pr@-

’

sen of intercalated ethidium does not affect the

strand scission caused by mitomycin B.  The after-heating

fluorescence with no added ethidium bromide showed an
‘[ﬁ ‘ .

initial rise, characteristic of cross-linking of the

open circular (0OC) DNA pYesent in the CCC-DNA, followed

by a Jlater drop, characteristic of strand scission. With
\\aﬂded ethidium there was only~the drop of after—heatlng

fluorescence obserweg,/W1th this drop becoming more rapid

w1th’increasing concentratlon of ethidium bromide, until

the saturatlon level is reached (Flgure 33). This

conflrms that there is interference with the cross- llnklng
4
process.

- ’

. In the case ofimitomycin C it was observed that

_ with no added ethidium bromide there was an increase in
the before-heating fluorescence, characteristic of stfand
scission. With the prior addition‘of ethidium bromide
in concentrations of 6.3 x 10”° M, 2.5 x 107 M, or

-5

6.3 x 10 M there was an increase in this rise (Figure

34), suggesting that the ethidium bromide is interfering
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33. ’Changes in fluorescence produced by mitomycin B
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in PM2 CCC-DNA treated with ethidfum bremide.
The DNA was equilibrated with eéhidiuh bromide
at ambient temperature in 0.05 M phosphate
bﬁffer pH»?.O containing 0.5 Azso'of'PMZ DNA.
Mitomycin B 1.0 x 10“4 M and sodium borohydride
were added and the fluorescence was determined
by ihe ethidium bromide* assay. Addiﬁionaly
cdmponents.he;e : X sodium borohydride
2.5 x 1073 M; O sofiui borohydride

~

2.2 x 1073 M, ethidium bromide 6.3 x 100 M;

O sodium borohydride 2.2 x 1073 M, ethidium

bromide 2.5 x 10~5M; A sodium borohydride

2.9 x 103 M, ethidium bromide 6.3 x 10 > M.
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.34. Changes in fluorescence produced by mitomyc.in c

in” PM2 CCC-DNA treategd with e't.hi'dium bromi‘de‘.
The DNA was equllibrated with ethidium bromide
avt ambient temperature in 0.05 M phosphate
buffer % 7.0 containing 0.8 A,gq of PM2 DNA.
. Mitomycin C 1.5 x 10 -‘.H arfd sodium borohydride
were added and the fluorescence was determined
by the ethidium bromide assay. Additional com-
psneritg were:, X sodium boroi\ydfide » l
3.5 x 103 M; O sodium borohydride
3.3 x 1073 M, ethidium bromide 6.3 x 10 <6y,
O_sodium borohydride 3.3 x 103 M, ethidium

broinide 2.5 x 10 -5

3

M; A sodium borohydride

3.4 x 103 M, ethidium bromide} 6.3 x 10> M.
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with t?g*gther processes such as‘cross—linking,.thereby
allowid&ghore of the mitomycin‘q to engage in strand
scission. The after—heafing fluorescence rose then fell
‘when there was no added ethidium; this was unﬁhanged

when the added ethidium concentration wég 6.3 x 107 M.
However at the hfbher ethidium concentrations there was

an immediate.arop in the afte®-heating fluorescence. This
confirms that there is interference Qith.the cross-linking
at higher ethidium concentrations. ‘
Studles on Aziridine- Rrpg Qpened Mltomyc1n B

" On treatment with. dllute acid, mitomycin B forms °

the rihg-opened derlvatlve-éé. As for the corresponding
derivative of mitomycin C, §§, this compound showed no

evidence of cross-linking DNA upon reduction; however it

1

did cause rapid'strand scission.' This scission could be

suppressed by the addltlon of 1sopropy1 alcohol as a radl-
-

cal scavenger. With the scission inhibited in this ménner,

\, . .
alkylation of DNA was observed. This alkylation proceeded

>
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more slowly than with the correspondlng mifomyc1n C

derlvatlve, causing a fluorescence loss of g% 1n 20 min
and 24% in 1 hr (Figure 35). TRe mitomycin C derlv?tive
lowered fluoreSCence 24% in 20 min-and 59% in 3 hr.13

Electrachemical Studies of Mitomycin B and its

\

Aziridine-Ring-Opened Derivative

Mitomycin B and'iés aziridine-ring-opened deriv-

" ative 55 .were investigated by HMDE cyclic‘voltammetry in-

aqueous media at 37.5°. It was found that the initial
'reductlon of mitomycin B is a reversible .two- electrqP,

two-proton reduction of the qulnone m01ety to the S -
corresponding hydroqulnone 57, occurrldﬁ at a potential

of -0.200 1.0.005 \'4 (Pfocess‘I). The derlvatlve 55 ‘also

‘OH

e CH 2O,CQNH 2 )

undergoes a reversible cwo—eleccron, two—proton reduction
of the quinone moiety, at a.pOtentialvof -0.320 + 0. 005 \Y
(Process II): (Scheme 16) .

-In addltlon, three other electrochemlcal processes‘

. were observed, two of which were ‘irreversible, the other
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Figure 35. 4Single strand scission ana alkylation'of

FP'MZ CCC-DNA by»th,e mitomyciri B aziridine-ring-

' é)_pened de’ri-Vative §_§ Reactions we‘r,e‘performed

' at ambient temperature ana‘céhtainéd PMZIDﬁA at
0.6'A260, 0.05 M phqsphatg buffer pH 7.0 and |
sodium borohydride 4.9 x 10-3‘M."0thér com-~
ponents were:> @ a.zirid'in-e-ring'—‘opénéd' com-
pound §_§_ 3.3 x 1074 M; O compound 55 - |

3.3 x 10 "4‘M, is'opropy"l-alc_oho'l 0.25 M.

el ke 2 el DL
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\ Scheme 16
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being possibly reversible; however these processes have not

been unamblguously deflned other than that they appear to
o

be due to further reductlon products of the hydroguinone

58. They do not correspond to loss of the carbamate

.

‘

<

m01ety 51nce soluble carbamates were found to be electro-

\

,chemlcally 1nact1ve .over the potentlal range studled.
'There was no- ev1dence of peak spllttlng such as
onuld be expected 1f there were a semlqulnone 1nter-
mediate with a llfetlme greater than aboutll msec
present in the. reductlon of m1tomyc1n B. However these
_measurements were performed under a nltrogen atmosphere,
and so the results gp not exclude the~p0851b111ty of the
formation ofdsemiqninone intermediates in vivo or. by air
-oxidation'of'the-corresponding hydroquinones in an
‘oxygenatedlﬁolution. The semlqulnone of m1tomyc1n B.
has been detected upon reductlon of the antlblotlc in

dlmethylformamxde,_~3 |

T

et
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adjacent guan051nes.

AN

Summary and Conclusions

Mitomycin B differsnfromnmitomycin C in the
stereochemistry of three centersvand in the nature of
three substituents on the mitosane skeleton, though
in the activated form only two of these are present.

The change from the 7-amino group of mitomycin C to the

- 7-methoxy group of mitomycin B will be reflected in a
fchange of the electrochemical potential of the qulnone
_ and chemical behavior related to this, while the methyl

substltuent on the aziridine r1ng of mitomycin B w111

1nfluence the basicity of the antibiotic. These effects
have'been borne out by our exper1mental f1ndings.-

The larger pKa value found for m1tomyc1n B

-compared to that for m1tomyc1n C,22al together w1th the

dgreater pH dependence of cross-linking and the faster

and more extensive cross-linking at low pﬁ in the ab-

scence of reductlon support the suggest10n12 that the

aziridine m01ety 1s 1nvolved in the initial alkylatlon

of DNA. That the extent of cross-llnklng for both'

mltomyclns shows a (G+C) dependence and that the extents

- of alkylatlon are’ nelther t1me nor assay-pH dependent

for both m1tomyc1ns suggest that they bind at the same

sites: of DNA possibly: the 0-6 or N 3 p081t10ns of two

35 o !
o I

" It has been suggested that the second position of

, the m1tomyc1n c molecule 1nvolved in cross-llnklng may be -

the 7-am1no group,pand thatlthe blnding obseryed with the

114
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aziridine-ring-opened derivative 56 may-be due to reaction
at this site rather than at the C-10 position. For
mitomycin B, which lacks‘the 7-amino substituent,'reaction
at this site is not possible, and‘so the alkylation'
observed with the deriVative 55 offers firm evidence that
thevC-lO position doee serve as a site for covalent
attachment. However, since the rate of alkylation is.
.significantly e}gwer for mitomycin B than for‘mitomycih C
under these .conditions, the possibllity of a contribution
from the 7-amino substituent cannot be excluded although
the\dlfference in rates may be Que to inherent differehces
in the reactivities;ofdthe two*mitomycins caused by their
stereochemical configurations. Studies on another mito-
dmyclh such as mitohycin»A would Shed'further light‘on
ithls matter,'51nce m1tomyc1n A has the same geometry as |
m1tomyc1n C, but. lacks the 7 -amino substltuent.

The potential of the qulnone reductlon of mlto-
mycmn B is -0. 200 'V as compared to.a value of -0. 368 v,
for m1tomyc1n C,55 thus indicating that mltomycxn B 1s
_eas1er to reduce than mltomy01n C, but that ‘the corres-
ponding: hydroqulnone 1s harder to oxidize than the
~'hydroqu1none of mitomycin C The strand cleavage
produced by mltomyc1n C 1s both more rapld and more ex;
| tensive than the cleavage caused by m1tomyc1n B. These
findinge are consistent with the proposed mechanlsm ;or
the cleauage of DNA by the m1tomyc1ns, in which the

'-’hydrdéuinone form of the antibiotic is oxldlzed-ln ‘the
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'presence'of oxygen to form the intermediate semiquinone
--radical. If this oxidation is rendered more difficult -
as jis the case with mitomycin B - then the damage.to DNA

ré3ulting from strand scission should.be correspondingly
lessened. B -

¥

~ Experimental,

. All fluorescence measurements were performed on

a G K Turner and Assoc1ates model 430 spectrofluorometer

equlpped with a cooling fan to reduce fluctuations in the

© Xenon lamp_sourCe} pH measurements for the pKa study were

carried out \using ajBeckmanlzeromaticrII pH meter and a

Fisher"l3-639s9l.comhination'electrode.‘ Tltrations were
.performedvusiné a Gilmont Micrometer'Buret.SlzooAiof 2 ml 3
'capac1ty 'Radioactivity was_counted'for 20 min in A
“Sc1nt1-Verse on a Searle Analytlc Inc. Mark III 6880
L1qu1d Sc1nt111at1cn counter. For the electrochemlcal
studles a Prlnceton Applled Research (P A R. ) Model
9300 9301 polargraphlc cell was . employed 1n a three—
electrode conflguratlon which 1ncluded a conventlonal
aqueous saturated calomel reference electrode, a*platlnum‘
counterelectrode and a P A R Model 9323 hanglng
mercury drop WOrklng electrode. The,temp%rature of the
'cell was‘maintained.at 37.5° 1_0;2;'by clrcdlatioh of‘
t':he'rmostavte‘d'wat:e'r.'~ Cyclic voltammetrylwas done using

the P. A R. Model 173~ 175 176 cOnflguratlon, w1th the
resultlng curves recorded on an X-y recorder or photo-’
.graphed on an osc11105cope as regulred by the scan rate‘

oo/
P



which was varied from 20 mV/sec to 500 V/sec. The pH of
each solution was measured before and after each run .with
an Accumet,Modei 520‘pH meter and a uombinatiou glass-SCE
electrode. | : : '
Matérials///’——§‘§\\= — | . | f
Ethidiu@ bromide and catalase were purchased from
uSigma‘Chemical c@,' Mitomycin C was from Calbiochem and
Kyowa Hakko Kogyo Chemical Co.; @itomyciu B was supplied
by Kyowa Hakko Kogyo Chemical Co. and American Cyanamid
Co. Lederlé‘Labs. fA, PM2, C. perfrzngens, E. coli, and
calf thymus ‘DNA's were obtained from Dr. A. R. Morgan.

Superoxide dlsmutase was the glft of Dr. Alan Davison.

Fluorescence Assay for Detecting CLC-Seguences’

QWave}ength_calibration'of th? spectrofludrometer‘
was perfofmedlaccording'to the insfructions in the
.instrument‘mauual.  One Centimeter:fbund cuvettes were
used. The excitation,yaveiengtu was 525 nm and the
| emission‘wayelength 600 um,"?he.cell compartment wé;
thermostatéd'ﬁith water circulated from a bath’thefmally
reguiated at 22°.u Smalllaliqudts £10 - 20 pul) of the
reaction mixtures were added to 2 ml of the assay mix—
ture which was 20 mM potas51um phosphate buffer pH 11.6,
0.4 mM EDTA and ‘0.5'ug/ml in ethldlum bromide. For
stud1es;1nvolv1ng the pH‘dependence of the assay solution,
a siuiiar assay solution waS'préparedy which was buffered
to pH 7.0. The iustrument'yas biankediwithuthe_assay

mixture and'readings‘were generally taken on medium
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sensitivity (x.10Q scale).r ' . o ,
- The cross- llnklng ,assay was performed as follows.

a 10 ul aliquot of the reactlon mixture was dlluted in
2 ml of the assay solutlon. The fluorescence of this
diluted solution was measured, The solution was'then .
heat denaturedAat 96° for 2 min + 5 sec, cooled in ice
‘and equilibrated in a constant’temperature water bath
(22°) for 5 min,hafter vhich the fluorescence of the
solution was again measured. The extent‘of covalent
'.cross-linking is given by the ratio of the'after—heatingl
fluorescence to the before-heatlng fluorescence.'

General Procedure for the Determlnatlon of Cross -Linking

and Alkylatlon of DNA w1th Reduced M1tomyc1n B

"L Mltomyc1n B was added to the reactlon mlxtures
as an approxlmately 300 pg/ml aqueous solutlon, DNA s
were‘also added as aqueous solutlons. The reaction
. solutions were,buffered to the appropriate pH with
'sodium acetate at PH 5.0 or potassium phosphate at
pH 6.0, 7.0, 8.7, or_10r3;'these buffers were added as
I M solutions; The reactions were carried out on a
" 40 - 100 pl- scale and had concentratlons of 0 9 A260
of X DNA, 0.05 M of the approprlate buffer, 0.6, 1.0,
2.0, or40xlO4Mofm1tomyc1nB, and 1.2, 2.0, 3.6,
or 5.6 x 10 -3 M of sodlum borohydride, respectively.
At timed intervals ‘10 ul aliquots of the solutioh were
removed and assayed for the extent of cross- 11nk1ng as

descrlbed above. A control solution containing all
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components‘except the mitomycin B was run with each
'experiment. >Assay of the controls showed no croSs-linkiné
in each case and established that none of the components
in the reaction mixtures 1nterfered with the ethldlum
fluorescence.

Attempted Reductlon of Mitomycin B Using NADH and NADPH

Reactlons were carried out on a 40 pl scale and
contalged A DNA at 0.9 A260 and 0 05 M phosphate buffer
pH 7.0. Additional components were 2.0 x 1074 M
| mitomycin B and 5.8 x 10~3 M NADH, or 1.8 x ‘1074 M
.mitoﬁycih'B and 4.8 x 1073 M NADPH. 10 ul aliguots
were wlthdrawn at 5 mln, iO mdn, and 15 min and analyzed
for the extent of Cross- linking by the ethldlum bromlde
assay; ng cross—llnklng was observed in elther case.
Contl experiments COntaining nO‘mitohycin B also showed
'no crossélinking. |

Determlnatlon of the pKa of M1tomyc1n B

. l ml of a 7.328 x 10 ~4y solution of m1tomyc1n B
apd 2 ml of boiled, dlstllled water were titrated ‘with
'3.664 x 1074 M hydrochlorrc acid. The pH was recorded
after 0.9 ml of acid had been added, and thereafter at
increments of 0.02 ml until the total volume of:acid‘

" added was 1.10 ml. When 1.00 ml of acid had been added
~(one half eqnivalent), the pH was recorded immediately"
after the addltlon of acid and agaln after 30 sec to-
conflrm that the a21r1d1ne rlng was not openlng on the

time scale of the titration. The titration was performed
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on dupllcate samples.

Procedure for Determlnlng Covalent quss ~-Linking of DNA s

of Different (G+C) Content by Reduced Mitomycin B

The DNA's used in thfs study were (. perfringens

[mol. wt. = 11.4 x 106, (G+C) content = 30%), calf thymus

5, 40%), and E. coli

i
!

[mol. wt. 9.1 x 10 (G+C) coptent

747 x 105, (G+C) content = 50%). The

[mol. wt.
moiecuiar weights_were determined.by-éedimentatasn velo-
city studies. The ¢o$position of the‘reaction'éolutions
was: DNA at 1.25 A266' 0.05 M éhosphate'buffer pH 7.0,
and mitomycin B at 0.6 or 3.0 x 10~4 M, sodium borohy-
-‘dride.at’l.z or 6.2 x 1073 M. Reactions weré run at
ambient‘tempéYature with 10 pl aliquots.remnved at timed
'intervals,and analyzed for ‘the extent of covalent cross-
linking by the ethidium assny.

Cross- Llnklnqwgy Mitomycin B Without Reduction

The reaction mlxture contained K DNA at 0. 95 A260'
0.05 M acetate buffer pH 1.0, and mitomycin B at
2.4 x 10_4 M. 10 ul’allquots were withdrawn at tlmed
inte;vais and analyzed for the extent of cross-llnklng as
described above. A‘éimilar reaction mixture containing
AQDNA at 0.95 A260’ 0.05 M acetatqvbuffef'pﬂ 5.0 and
mitomycin B at 2.6 xvlo—4 M showed no cross-~linking after
1 hr. Control experiments.at each pH with no added
‘mitaemycin B showed no acid~induced cross;linking.

- Correlation of Loss of Fluorescence with Binding Ratio

Reactions were carried out on a 400 ul scale.



121-
Reaction solut{dns had conceatrations of»l52 Ayso.ef_3ﬂ—
labelled A DNA,'0.0S M acetate buffér pH 5.0,_mito§Ycin'B
at 0.0, 1.8, 5.5, 9.2, 18.3, and 27.5 x 107> # ana
sodium borohydride at 0.0, 5.5, 16:4, 27.3, 54.6 and'
82.0 x 1073 M} fespectively. Therolutions'were assayed
for loss of fluorescence by the ethidium assay describedg
abeve, with three 10 pl aliquots removed at timed inter-’
vals. The remainder of each-solution was dialyzed ve
20 mM -potassium phosphate pH 11.6, 0.4 mM EDTA. Binding
ratios were determined by the proceaare of Tomasz20 ‘
except that nucleotide concentratiohs were determined by
radioactive countina.- The'nuclebtide'concentration was
calculated using‘an extlhctida coefficient‘of 6,600 for
DNA at 260 nm. .The”bound mitomycin B concentration was
calculated from the absorbance of the dlalJRed reaction
solutlons at 286 nm. us1ng an extlnctlon coefficient of
11,600 for bound mltomy01n B. The absorbance at 286 nm
“was corrected for DNA absorbance at thls wavelength
- using an extinction coefficient of 2, 440 for DNA at 286 nm,'

‘calculated from the control reactlon (mitomycin: B

concentration = 0).

General Procedure for the Determination of Cleavage of

PM2 CCC-DNA with Mltomycin B

| Experlments were carrled out on a 100 ul ‘scale.
Reac¢tion mixtures contained 3.3 or 3.5 x 10_4 M mito-
mycin B, 4.4,~4.6,‘5.5, or 5.7 x 1.0-3 h‘sbgium bbroe
hydride, PM2 CCCQDNA.at 0.6 AZGO,‘and‘O:OS M phosphate J

-~

‘\ . . | -
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buffer pH 7.0. 15 pl aliquots were withdrawn at timed

intervals ana analyzed by the ethidium fluorescence a

assay descrlbed above. A control reaction containing

no m1tomyc1n B was run with each experlmeht Analysis

of the control reaction showed a 75% return of fluor-

escence after heating which was the same as the value

for this particular sample of DNA alone. | |
'inhibition experiments were performed as‘above

‘w1th the addition of the 1nh1b1tors 1lsted in Table XIV.

and Figure. 30

Strand Sc1381on of PM2 CCC-DNA by éoValeﬁrly Bouﬁd 
Mitomycins |

| For the study of mitomycin C the following three
.'solutidns were prepared on a 500 pl scale: solption A

containing PM2 CCC-DNA at 2.4 Ayep’ 0-05 M acetate ‘buffer

'PH 4.0, and 5.7 x 10”4 M mitomycin C; sqlﬁtion.B'¢on-

taining PMZ CCC—DNA at 2.4 Azeoand'0.0S M dcetate buffer
@gbﬂ 4.0; solutlon C contalnlng 0.05 M acetate buffer pH 4.0
: v . i .
and 5.7 x 10 -4 M m1to§§c1n C. pﬁ :
R g ’

- The three-solutlons were’ incubated for 1 hr at

famblent temperature ¢hen dialyzed vs. 590 ml of 0.05 M

K

.phosphate buffer pH 8.0 for 4 hr at 0°. The buffer was

.‘. “

.then renewed and the d1a1y315 contlnued fqr a further

19 hr.
For the.siuay of mitomycin B the following three
solutions-were'prepared on a 500 pl scale: solution A

» 0.05 M acetate buffer

feontaining'PMg CCC-DNA at 2.4 AZéO
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Table,XIV

Inhibition of Mitomycin B Induced Cleavage of PM? CCC-DNA
V4

Cét. Catalase

L4

e

Time (min)

s.p. -Superokide Dismutase

Fluorescence after heat denaturation

Inhibitor 1 5 10 20
None o 76/713 84/83  88/69  89/63
'Isbpropyl‘AlcohoI‘(O.ZS M) 85/80 85/89  86/88 ':85/84
Dimethyl Sulfoxide (0.25 M)  52/45  57/53  52/56  48/55
2-Mercaptoethanol (0.25 M) 60/46  65/62  61/56 59/54
Potassium Icdide (0.05 M) 60/51 59/56 56/60 58/58

 Sodium Benzoate (0.05 M) 82/74 = 83/85 84/89  82/83
cat.® (2.3 x 1077 m) 74/61  75/75  14/71  ---
s.0.% (1.5 x 107> M) 72/63  15/71 19779 19773
cat. (2.4 x 107 M) - | |
+5.p. (1.5 x 107> m) 55/49  51/58  52/55 . 53/56

a/ 1 Fluorescence before.heat.denaturation/
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"and 5.0 x 10

\\1 0 A260' and approxlmately 6.0 x 10

@

pH 4:0,rand 5.0 x 16’4 M mitomycin B; solutioh‘B contain-
ing PM2 CCC-DNA at 2.4 Aygp and 0.05 M acetaﬁerbuffer pH
4.0; solution C contaihing 0.05 M acetate buffer,pﬁ 4.0
"4 M m1tomyc1n B.

The three solutions were 1ncubated 0.5 hr at am-

bientitemperature, 0.75 ht at 37°, and a further 2 hr at

ambient.temperature,'theg dialyzed vs 500 ml.of 0.05 M phos-

phate buffer pH.8.d for 5 hr at 0°. The buffer was then re-

newed and the dialysis continued fér a further 17 hr.
-In both studies, scission reactions with. dialyzed
solutions A and B were performed as descrlbed above at

ambient temperatule in 0.05 M phosphate buffer pH 7.0

contalnlngAapprox1ﬂately l.l AZGO of the DNA and approx-

imately 6.0 x 10>

M sodium borohydride; Additionalt
experiments‘ﬁith each solution A also contained

2.4»x 10-7 M catalase, 1.5 xv10-'5 M superoﬁide dismutase,
or 0.25 M isopropyl alcohol | o

A control experlment was performed to show that all

‘the free m1tomyc1n in each ‘case was: removed by . the d1a1y51s.

A 100 ul solutlon containlng 62 ul of dlalyzed solutlon C,

0. 05 M phosphate buffer PH 7.0, native PM2 CCC -DNA at

-3 M sodlum boro~

hydrlde{;as 1ncubated at ambient temperature.~ Ethidiume

assay ana1y51s of 15 ul allquots withdrawn at timed

3 1ntervals_showed no SLngle strand scission of the DNA.

L.

™
—
']

124

-



125

Effect of Intercalated Ethidium on the Mitomycin B Induced

Single Strand Scission and Cross—Llnklng of PM2 CCC—DNA

Reactlons were carrled out at amblent temperature.
on a 200 ul scale. Solut;ons contained PM2 CCC-DNA at
0.6 A , 0.05 M phosghate buffef pPH 7.0, and mitomycin B
at 1. le'10'4 M. Additional components were scdium boro-
hydrlde at 2.5, 2k2 2.2, and 2.9 x 10*3‘M,“and.ethidium
bromide at 0, 6 3, 25, and 63 x 10 =6 M, rescectively. The
soluticns were prepared by allowing the ethidium tc inter%

act with the cuffe d DNA for S'min prior to the addition
of the mitomycin B and the scdiuh borohydfide; After the |
'preparation;ofxthebsolutions, 20'ul-aliquots wererwith-
drawn at timed intervals and analfmed,by the ethidium
assay fpr the extent of strand SC1SSlOn and for indications
of cross-linking. A control experlment €onta1n1ng no |

Vel

f Solutions were'

‘ mitomycin B showed no~strand 501551on.
stoppered and protected from. llght to pr‘vent p0551ble
cleavage of the DNA by the ethldlum 1tself‘

Effect of. Intercalated Ethidium on the Mltomycinxc Induced

Single“Strand Scission andiCross—Lihkihg of'PMZICCC;DNA
'Experimehts adaiogousaéo the»above.weredperfOrmed _

using mitcm&cin C. 'Reaction mixturesccohtained EMZ CCC#DNA".

'at 0.6 AA' , 0.05 M pﬁosphate_buffer'pﬂ-7.0,aand‘mito-. |

260 ST |
mycin C at 1.5 x 1of4 M. Additional components were sodium

' borohydride at 3.5, 3.3, 3.3, and 3.4 x 10f31M, and
‘ethidium bromide at 0, 6.3, 25, and 63 x 10”6 M, respec-

tiyely.
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Acid-Catalyzed Opening of the Aziridine Ring of Mitomycin

B. Preparation of 55

Hydroly51s of m1tomyc1n B was carrled out by a
modlflcatlon of the procedure of Stevens et aZ 22a 8.75 md, ‘
of mltomyc1n B was dlssolved 1n 2 ml of 0. 05 M hydrochloric
ac1d and stlrred at amblent temperature for 75 min. The
solution was then made basic: (pH = 9) w1th_anhydrous
potaselum carbonate and extracted with ether. »ﬁemoval‘
ofvthe etber left a residue,Which'uas dried in wvacuo then
?;dissolved in a smail amount‘of ether and p/pc1p1tated by
‘the addltlon of n—pentane‘as 2. 92 mg (32% yield) of a : }'
"yellow-orange solid m. p. 70-72°. Thin- layer chromat0¢ I E-
graphy on silica w1th 1sopropyl‘aicohoi;henéene.(50:50
v/v) as'eluant showed a'sindle spot. h Thevderivative 55
‘1s soluble in chloroform, ether, and water.

| The ir spectrum v (CHCl ): 2960 2920 (CH3lsym;_'
str.); 2860; 1715 (carbamate c—O), 1660, 1645 (qulnonen
C=0); 1595 1450 1395; 1250 ( C—O-C antlsym. str. ),‘
1085; 1000 (=c-0-C sym. str.) em~L .
| ."The abéorbances'lm' (H,0): 236 (1o§'e 4. 1e>;[

286 (log € 4.06), 355 (log ¢ 3.26), 442 (log e 2. 39) nm.-.

Determination of Cross—Llnklng of DNA with’ Reduced

: Rlng-Opened Mltomyc1n B 55 e 4

Experlmenﬁs were performed as descrlbed “above for
-mitomyc1n B. _Reactlon solutlons had concentratlons of

0.6 A260 of A DNA; 0.05 M phosphate buffer pH 7. 0

3 3 b4 10 4 M of derlvatlve 55, and 4.2 x 10 3 M sodlum
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'borohydride.m

Determination of Interaction of: Reduced Mltomyc1n

; Derlvatlve 55 with PMZ CCC- DNA

Experlments were performed as\descrlbed above for

: m1tomyc1n B. Reactlon solutlons had concentratlons of

0.6 Azeo of PMZ\\CG-DNA, 0.05 M phosphate buffer pH 7.0,

-4 -3 M sodlum -

3.3 x 10 M of deeratlve-55e and 4. 9 x 10

borohydride. Addltlonal experlments also contalned

—

0. 25"Mvisopropyl alcohol._ Control experlments lacklng the
m1tomyc1n derlvatlve showed a 90% return of fluorescence»
' after heatlng (the same as DNA alqne) lndlcatlng ‘that thlS
fsample of .PM2 CCC—DNA was nlcked to the extent ‘of about

e

Electroanalyt1cal Procedures

A stock solutlon of 1 3 x 10 -3 M m1tomyc1n B was

prepared and protected from llght. Sample solutlons ‘were

.ypared 1n the. ce&l to glve 3.3 x 10 -4 M m1tomyc1n B,

L 0.1 M phosphate buffer at the approprlate pH in the range .
6. 0 to 8. 5, and 0 1M pota551um chlorlde as supportlng
‘.electrolyte.‘ M1tomyc1n B derlvatlve 35 was treated 1n
-4

.a 51m11ar manner beglnnlng w1th an 8. 4 x 107 M stock

solutlon. All solutlons were deaerated w1th purified
hnltrogen gas for 10 min prlor to each run and blanketed
'w1th it durlng each run. All potentlals were taken rela-
tiveeto an adueous satnratedvcalomel.electrodef |

Tk

o
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